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Summary  
This 4-D simulation study in the Jeanne d’Arc basin combines geological, geophysical 
and geochemical data and processes to substantiate basic processes taking place in a basin and 
the simulation technique itself. Furthermore different transport calculation methods were 
tested and compared. 
Demand for energy is growing rapidly, causing worldwide concerns on security of 
supply. Petroleum systems modeling in 4 dimensions (cube + time) predicts generation, 
migration, and quality/quantity of accumulated hydrocarbons in reservoirs, incorporating 
temperature and pressure through the entire evolution of the basin. A petroleum systems 
model thus provides the only means to combine all physical aspects (source, trap, seal, and 
reservoir) and timing (charge) to reduce exploration risk and provide a reasonable resource 
assessment to guarantee a secure and constant supply of hydrocarbons. Over the years, the 
technology has advanced so far that the basin model results in combination with multi phase 
chemical reaction kinetics appear to approach reality. Nobody has quantified and published 
how close to reality these models actually get in the Jeanne d’Arc basin, especially in terms of 
charge history reconstruction and fluid quality and quantity. 
All necessary input data for a numerical model are available: especially for the 
Kimmeridgian Egret Member, the only mature source rock, which generates hydrocarbons; 
pvT (pressure, volume, temperature) data; and source and reservoir samples are accessible for 
more than 50 wells. Furthermore, there is processed, converted and interpreted 3D seismic 
available for the Jeanne d’Arc Basin. This makes the basin ideal for the present study. In 
addition, petroleum systems modeling should itself be tested to constrain correct assumptions 
and routines, as well as to improve the predictive capacity of the basin modeling approach. 
The first part of the thesis focused on the reconstruction of the geodynamic situation of 
the basin yielding new results for the reconstructed heat flow history using a 3D enhanced 
McKenzie model. Results show that to understand the thermal evolution of the Jeanne d’Arc 
sedimentary basin completely, it is crucial to consider the Triassic rift system. This first rift 
generated the structural framework of the basin, where most of the sediments were deposited. 
A second extension, in the Cretaceous, represents most likely an ultra-slow extension phase 
with a heat-impulse, too weak to leave any thermal record. This study demonstrates that the 
entire evolution of the Jeanne d’Arc basin can be reconstructed assuming just one single 
Triassic thermal rift. Additionally, the study shows the theoretical effects of lateral heat 
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transfer on the determination of McKenzie stretching factors, its resulting implications for the 
tectonic subsidence, and the reconstructed heat flow history. 
The second and third parts concentrate on the determination of source rock properties 
(chemical reaction kinetics – bulk, multi component and PhaseKinetics) and on the 
reconstruction of the petroleum reservoir filling history for the entire basin. Petroleum 
generation and phase behavior were analyzed using phase-predictive compositional kinetic 
models (PhaseKinetics) determined by pyrolysis of Egret Member source rock samples. 
Different charge scenarios were tested to reconstruct the most likely migration pathways for 
the petroleum, which is trapped in the Terra Nova oil field. The most probable filling history 
includes charge to the reservoir from a local kitchen and a second kitchen located between 
Hibernia and Terra Nova that was responsible for the long-range contribution. This new 
migration concept differs from the traditional explanation based on geochemical 
measurements only (published by von der Dick et al., 1989), which infers that local 
generation was solely responsible for filling the Terra Nova field. This theory of local 
generation can be disproved based on a simple mass balance calculation. The mass of the 
local source rock is not enough to generate the known present amount of hydrocarbons. 
Finally, the study presents a basin-wide mass balance calculation showing the impact 
of a newly tested adsorption behavior of the source rock. Additionally, this chapter discusses 
the influence of different migration techniques (flowpath, Darcy, hybrid and invasion 
percolation) on a basin-wide mass balance calculation (MBC) in the Jeanne d’Arc basin. It 
can be concluded that a pure Darcy migration is not sufficient to reproduce the accumulation 
pattern in the basin and that hybrid or flowpath are the most efficient and precise migration 
methods to predict correct volumes and composition. Additionally, it turned out that the 
applied adsorption model does not adequately reproduce the natural behavior of source rocks 
(SR). Therefore, a revised approach was applied, in which the adsorption capacity is in 
general much higher, but diminishes, with increasing maturity. 
In summary, the study provides new insights into the geodynamic development of the 
Jeanne d’Arc basin, presents calibrated, verified and tested kinetics for the Egret source rock 
and presents new aspects of a mass balance calculation for the entire basin. 
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Zusammenfassung 
Die vorliegende Studie über das Jeanne d’Arc Becken vergleicht geologische, 
geophysikalische und geochemische Daten und Prozesse mit Ergebnissen einer numerischen 
4D Simulations-Technik (PetroMod® Software, Schlumberger). Ziel dieser Arbeit ist es, die 
grundlegenden Prozesse, die in einem Sedimentbecken ablaufen zu überprüfen und aufgrund 
der guten geologischen Datengrundlage die Simulationstechnik selbst zu testen. Zudem 
wurden in der vorliegenden Studie die Resultate verschiedener Migrationsmethoden 
miteinander verglichen. 
Die steigende Nachfrage an Energie verursacht seit Jahrzehnten Versorgungsängste 
und zwingt die Erdölindustrie in immer riskantere Bereiche für die Ressourcensuche 
vorzustoßen. Der moderne, vierdimensionale „Petroleum Systems Modeling“-Ansatz, der 
Raum und Zeit miteinander vereint, ermöglicht es Öl- und Gas-Bildungsraten zu berechnen, 
potentielle Migrationpfade zu erstellen sowie die Qualität und Quantität der gebildeten und 
Kohlenwasserstoffen vorherzusagen. Des Weiteren kann man konkrete Aussagen über die 
jeweiligen pvT (Druck, Volumen, Temperatur) Bedingungen treffen. Diese Parameter und 
Prozesse können mit Hilfe der numerischen Simulation für ein gesamtes Becken und für die 
gesamte geologische Vergangenheit berechnet werden. Dieser integrative Ansatz stellt somit 
die einzige Möglichkeit dar, um ein Kohlenwasserstoffsystem korrekt zu beschreiben und alle 
parallel ablaufenden Prozesse aufeinander abzustimmen, zu korrelieren und schließlich an 
Hand der Ergebnisse das Explorationsrisiko zu minimieren und eine angemessene 
Ressourcenbewertung durchzuführen. In den letzten Jahren hat sich die Modellierungstechnik 
enorm verbessert, so dass eine immer bessere und genauere Berechnung der geologischen 
Prozesse und Parameter auch für geologisch sehr komplexe Fallstudien möglich ist. Wie 
genau diese Berechnungen aber tatsächlich sind, wurde bislang nicht quantifiziert. Ein Teil 
der vorliegenden Dissertation beschäftigt sich daher mit der Vorhersagegenauigkeit des 
numerischen Modellierungsansatzes speziell im Jeanne d’Arc Becken. Die 
Vorhersagegenauigkeit wird vor allem in Bezug auf die Reservoirfüllungsgeschichte und 
bezüglich der Qualität und Quantität der Kohlenwasserstoffe untersucht, indem man 
gemessenen Daten direkt mit den Ergebnissen der Simulationen vergleicht. Wenn ein 
bekanntes Ergebnis mit dem Modellierungsansatz nicht wiedergegeben wird, so kann man 
Verbesserungsvorschläge rückwirkend für die Simulationstechnik machen und so die 
Methode selbst optimieren. Für die Beckenmodellierung steht eine Fülle von Daten aus 
Forschungs- und Industrieprojekten zur Verfügung. Hierzu gehören insbesondere 
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geochemische Daten für das Erdölmuttergestein (Egret-Member) des Jeanne d’Arc Becken. 
Zusätzlich sind pvT Daten und Mutter- sowie Reservoirgesteinsproben von über 50 
Bohrungen zugänglich. Außerdem gibt es öffentlich zugängliche Seismikdatensätze, die 
prozessiert, konvertiert und interpretiert vorliegen. All die oben genannten Tatsachen machen 
das Jeanne d’Arc Becken zu einem idealen Untersuchungsgebiet für die Problematik der 
Vergleichbarkeit von Realität und Modellierung. 
Der erste Teil der vorliegenden Arbeit untersucht die geodynamische Situation des 
Jeanne d’Arc Beckens und liefert neue Erkenntnisse für die geologische 
Wärmeflussgeschichte, die mit Hilfe eines erweiterten „McKenzie-Ansatzes“ erarbeitet wird. 
Die Ergebnisse lassen den Schluss zu, dass für das grundlegende Verständnis der thermischen 
Geschichte des Jeanne d’Arc Beckens ausschließlich ein Rift-System in der Trias nötig ist. In 
dieser Rift-Phase wurden anfänglich die strukturellen Rahmenbedingungen des Beckens 
geschaffen. Eine zweite Rift-Phase, das tektonische Spuren hinterlassen hat, erfolgte in der 
Kreide und stellte sehr wahrscheinlich ein „ultra-langsames“ Rift dar, dessen Wärmeimpuls 
zu schwach war, um chemische Spuren in den Sedimenten zu hinterlassen. Untersuchungen 
dieser Dissertation haben ergeben, dass die gesamte Entwicklung des Beckens mit nur einem 
einzigen Rift-Ereignis in der Trias rekonstruiert werden kann. Darüber hinaus kann gezeigt 
werden, dass die theoretische Berücksichtigung eines lateralen Wärmeflusses während der 
Anwendung des „McKenzie-Ansatzes“ einen Effekt auf die Bestimmung der 
Dehnungsfaktoren hat, die wiederum Grundlage für die Berechnung des Paläo-Wärmeflusses 
sind. Der hieraus resultierende, direkte Einfluss auf die rekonstruierte Wärmeflussgeschichte 
hat somit auch einen Einfluss auf die Reifeentwicklung des Muttergesteins. 
Der zweite und dritte Teil der Arbeit befassen sich mit der chemischen 
Charakterisierung der Muttergesteinseigenschaften und mit der Rekonstruktion der 
Reservoirfüllungsgeschichte für das gesamte Becken. Die Kohlenwasserstoffgenese und das 
Phasenverhalten der generierten Fluide wurden mit Hilfe von phasenvorhersagenden 
Reaktionskinetiken untersucht, die im Rahmen dieser Arbeit speziell für das Egret-
Muttergestein erstellt wurden. Darüber hinaus wurden verschiedene Füllungsgeschichten für 
das „Terra Nova“-Feld getestet, um die wahrscheinlichsten Migrationspfade zu 
rekonstruieren. Dabei stellte sich heraus, dass die Terra Nova Akkumulation nicht nur, wie 
bisher angenommen, von einer lokalen „Kitchen area“, sondern zusätzlich noch von einer 
zweiten „Kitchen area“ gespeist wurde, die auf halber Wegestrecke zum Erdölfeld Hibernia 
liegt. Dieses neue Konzept der Füllungsgeschichte weicht vom traditionellen Modell ab, das 
auf geochemischen Daten basiert und eine ausschließlich lokale Genese der 
Zusammenfassung                                                                                                                        . 
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Kohlenwasserstoffe annimmt. Diese Theorie kann aber mit einer einfachen 
Massenbilanzierung im Rahmen dieser Arbeit widerlegt werden, denn die Masse des lokalen 
Muttergesteins reicht nicht aus, um genügend Kohlenwasserstoffe zu generieren und das 
Terra Nova Feld mit Öl zu füllen. 
Das letzte Kapitel der Studie diskutiert eine beckenweite Massenbilanzierung für die 
generierten, migrierten, akkumulierten und verloren gegangenen Kohlenwasserstoffe. Darüber 
hinaus wird der Einfluss eines verbesserten Adsorptionsverhalten für das Muttergestein 
getestet und der Einfluss verschiedener Migrationstechniken (Flowpath, Darcy, Hybrid und 
Inversion Percolation) auf die Massenbilanzierung untersucht. Es konnte gezeigt werden, dass 
bei ausschließlicher Darcy-Migration das Model nicht in der Lage ist, die 
Akkumulationsverteilung im Becken so wiederzugeben wie es der Realität entspricht; und 
dass die Hybrid- bzw. die Flowpath-Methode die effizientesten bzw. besten 
Migrationsmethoden sind, um korrekte Volumina und Zusammensetzung der 
Kohlenwasserstoffakkumulationen zu reproduzieren/vorherzusagen.  
Die vorliegende Studie liefert viele neue Einblicke in die geodynamische Entwicklung 
des Jeanne d’Arc Beckens, insbesondere in Bezug auf die 
Wärmegeschichte/Wärmeentwicklung. Außerdem wurde eine kalibrierte, verifizierte und 
getestete chemische Reaktions-Kinetik für das Egret Muttergestein erarbeitet. Weiterhin 
liefert die Arbeit neue Erkenntnisse über die beckenweite Füllungsgeschichte der 
Kohlenwasserstoffreservoire und es konnten neue Aspekte für eine beckenweite 
Massenbilanzierung zusammengestellt werden. 
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1 Introduction 
1.1. Introduction to this thesis 
This thesis deals with basin and petroleum system modeling and its application to a 
well known study area to test, quantify and verify processes taking place in a basin and 
influencing the generation migration and accumulation of hydrocarbons. The study 
investigates the Jeanne d’Arc basin (JdA) located on the Grand Banks offshore the Atlantic 
coast of Newfoundland. 
The first part of the thesis focuses on the reconstruction of the geodynamic situation of the 
basin and gives new results for the reconstructed heat flow history using a 3D enhanced 
McKenzie model. The second and third part concentrates on the determination of source rock 
properties (chemical reaction kinetics) calibrated against measured data with an integration 
and calibration into a ful 3D numerical flow model. In the last part the study presents a basin 
wide mass balance calculation showing the impact of a newly tested adsorption behavior 
(method) of the source rock. 
 
1.2. The Geological Evolution of the Jeanne d’Arc Basin 
The Jeanne d´Arc Basin is located in the northeastern part of the Grand Banks, 
offshore the east coast of Newfoundland, Canada (Fowler and McAlpine, 1994). Apart from 
the Jeanne d´Arc Basin, the Grand Banks contains a complex series of other basins, e.g. the 
Whale, Horseshoe, Carson, Salar-Bonnition, South-Whale and Flamish Pass Basin, which are 
separated by basement highs (Fig. 1- 1) (Grant et al., 1986a; Louden, 2002). All these basins 
have developed along the North Atlantic margin and are related to episodes of rifting and 
drifting during breakup of Pangea and the opening of the Atlantic (Magoon et al., 2005). The 
Jeanne d´Arc Basin is a relatively small, extensional, passive-margin rift-drift basin with over 
22 km of Mesozoic sedimentary fill (Fig. 1- 2) (Deptuck et al., 2003; McAlpine, 1990). It 
extends almost 250 km in N-S and about 60 km (average) in W-E direction and is bounded in 
the west by pre-Mesozoic rocks of the Bonavista Platform, and separated by the Murre-Fault 
(Fig. 1- 3, 1- 4) (Grant and McAlpine, 1990). In the east, the Jeanne d´Arc Basin is bordered 
by the Outer Ridge complex, a structural high consisting mainly of deformed Jurassic 
sediments (Grant and McAlpine, 1990; Magoon et al., 2005). The basin is divided in N-S 
direction into three structural and stratigraphic segments by W-E trending trans-basin faults 
(Huang et al., 1994). South of the Egret Fault, uppermost Jurassic and Lower Cretaceous 
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rocks are almost absent (Enachescu, 1992). Between the Egret Fault and the Hibernia to Ben 
Nevis Faults, these sections thicken northwards and north of the Hibernia Faults the Middle 
Cretaceous sequences are preserved (Fig. 1- 3, 1- 4) (Huang et al., 1994; Tankard et al., 
1989). The entire evolution of the Jeanne d´Arc Basin is subdivided into 6 different stages by 
McAlpine (1990).  
The Mesozoic part of the Jeanne d´Arc Basin rests upon the so-called Avalon 
basement, which consist mainly of metasedimentary units with diabase at the bottom, 
phylllite, quartzite, graywackes and schists of Precambrian to Carboniferous age. These rocks 
were overprinted during the Caledonian and Hercynian orogenies (Amoco Canada Petroleum, 
1973; Williams, 1984). Normal faults inside the basement trend northeast with orthogonal 
transfer faults (Tankard et al., 1989). 
 
Stage 1: Aborted Rift (Late Triassic – Early Jurassic)  
The base of Mesozoic in Jeanne d´Arc Basin is the Eurydice Formation, which was 
deposited in the initial Triassic rift graben as red beds, representing continental, arid, climatic 
conditions (McAlpine, 1990). This is also reflected by restricted evaporite basins, which are 
associated with the extension movements in WNW-ESE direction and initial graben and 
halfgraben structures (Louden, 2002). The overlaying evaporites of the Osprey and Argo 
formations, now forming salt pillows and salt domes, are separated by a thin unit of subaerial 
basalt flows, as found at scattered locations in the Jeanne d´Arc Basin (Fig. 1- 2) (Holster et 
al., 1988; McAlpine, 1990). These basalts mark the initial rifting and thermal subsidence of 
the lithosphere at the location of the present Jeanne d´Arc Basin and appear to be latest 
Triassic in age. They are a part of a widespread igneous event (Grant and McAlpine, 1990). 
 
Stage 2: Epeiric Basin (Early – Late Jurassic) 
The Early to Late Jurassic was a period of moderate subsidence with generally 
shallow-marine sedimentation in a broad epeiric sea, dominated by sandstone, shale and 
limestone (Magoon et al., 2005; Grant and McAlpine, 1990). The African Plate separated 
from the North America Plate and moved away along the southern Grand Banks transform 
margin (Fowler and McAlpine, 1994). During the Sinemurian and Pliensbachian a 
progressive change from closed to open marine conditions is recorded in the sediments, which 
consist mainly of monotonous neritic, silty and marly shale with interbedded limestone 
(Whale Member) (Grant and McAlpine, 1990). 
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Figure 1- 1: Bathymetry of the 4ewfoundland margin including the Jeanne d´Arc Basin and other 
important basins on the Grand Banks (light grey square marks the sector of Fig. 1- 3) (after 
Tucholke et al., 2004). 
 
 
Consequently, these rock units (Iroquois- and Downing Formations) are interpreted as 
resulting from a transgression over the Grand Banks, which lasted up to Callovian time (Fig. 
1- 2) (Tankard et al., 1989). Due to a limited subsidence and continuing sedimentation during 
that period, the accommodation space was reduced step by step and a marginal-marine, near-
shore deltaic environment (Voyager Formation) became dominant all over the Grand Banks 
(Tankard et al., 1989; Tankard and Welsink, 1989). The Ranking Formation deposited during 
Oxfordian and Kimmeridgian time (Fig. 1- 2) reflects very shallow depositional conditions in 
the south of Jeanne d´Arc Basin and sloping towards north (Hubbard, 1988; McAlpine, 1990).  
The upper part of the Ranking Formation includes the 75-150 m thick Egret Member, the 
richest source rock on the Grand Banks. It thickens northeastward along the present-day axis 
of the basin and is characterized by a higher maturity in the same direction (Fowler and 
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McAlpine, 1994). The Egret Member was first described by Swift and Williams (1980) [see 
also: Creaney and Allision, 1987; Fowler and Brooks, 1989; Huang et al., 1994; Huang et al., 
1996, Magoon et al, 2005; von der Dick, 1989; von der Dick et al., 1989]. The Egret Member 
consists of laminated, brown marls and calcareous shale as well as lime and mudstone with 
high organic carbon content from marine planctonic organisms suggesting deposition in a 
low–energy, restricted, and anoxic environment (Huang et al., 1994; McAlpine, 1990). The 
overlaying coarsening-upward facies of Fortune Bay Shale represents a prodelta environment 
(Fig. 1- 2) and announces the subsequent clastic sediments. 
 
Stage 3: Late Rift (latest Jurassic and Neocomian) 
Different unconformities, ranging in age between middle Kimmeridgian and Aptian, 
define the “Avalon Uplift”. Local uplifts took place during short periods and coincided with 
the regional rifting and subsidence (Grant and McAlpine, 1990). During Early Cretaceous a 
tectonic event eroded deeply into source rock intervals and reservoirs that might have had 
received hydrocarbon at that time already (Fig. 1- 4) (Swift and William, 1980). The first 
episode of Cretaceous subsidence was dominated by intense normal faulting related to NNE-
SSW directed extension (Labrador Rift system) and subsea-intrusions in the Berriasian; it 
formed a high structural relief that lasted until early Valanginian. The second episode was 
characterized by reduced fault activity and created prominent orthogonal transfer faulting 
(Tankard et al., 1989). Previous marine depositions were followed by coarse and fining-
upward clastic rift sequences, which developed in Grabens on the flanks of the Avalon Uplift 
(Grant and McAlpine, 1990).  
Different authors like Grant and McAlpine (1990), Louden (2002) and Tankard et al. 
(1989) propose that Iberia decoupled and slipped away from the Grand Banks during the Late 
Jurassic and earliest Cretaceous. The initially coarse-grained sand facies (Hibernia Formation) 
is sealed by the overlaying Whiterose Shale (Fig. 1- 2).  
The Hibernia sandstone is the most important reservoir rock in the Jeanne d´Arc Basin 
(Enachescu and Fagan, 2005; Hesse and Abid, 1998). This kind of alternating deposition of 
thick sandstone and thick shale continues up to Cenomanian time originating from areas 
emerged by the Avalon Uplift (McAlpine, 1990).  
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Stage 4: Transition to Drift (Barremian – Cenomanian) 
During the transition from rifting to drifting, i.e. the spreading between the Grand 
Banks and Iberia, subsidence slowly began to increase again. The change in direction of the 
fault movement occurred during Albian time along the Hibernia to Ben Nevis trans-basin 
faults (Grant et al., 1986a). This is the final rifting-related period of deformation that affected 
the Jeanne d´Arc Basin. It caused an unconformity which is well developed in the marginal 
areas but pinches out to the centre of the basin (McAlpine, 1990; Tankard et al., 1989). At the 
same time halokinesis started and formed several stratigraphical and structural traps (Tankard 
et al., 1989). Two additional and very important reservoir sandstones wer deposited during 
Aptian and Albian time. The Avalon and Ben Nevis Formations both generally consist of thin, 
interbedded shale and reddish, lagoonal and shallow marine sandstone (Enachescu and Fagan, 
2005; Hesse and Abid, 1998). These interbedded strata are the result not only of eustatic sea-
level changes (Cloetingh et al., 1989; Hubbard, 1988) but also of local basin inversion and 
uplift, first after Aptian and then after the Albian time (Louden, 2002; Grant et al., 1986a). 
The southern part of Jeanne d´Arc Basin remained tectonically more stable than the northern 
part, resulting in more continental deposits in the south (Eider Formation) and marine shelf 
sediments in the north (Nautilus Shale) (see also Fig. 1- 2) (Gradstein et al., 1975). 
 
Stage 5: Transition to Drift (Late Cretaceous and Paleocene) 
Stage 5 records the final transition to a passive margin setting with the complete 
separation of the Grand Banks from northern Europe (Grant et al., 1986a; McAlpine, 1990). A 
continuous, basin-wide subsidence, or transgression, dominated the entire basin and the 
Dawson Canyon Formation was deposited (Fig. 1- 2).  
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Figure 1- 2: Time-stratigraphic chart of the Jeanne d´Arc Basin showing the lithostratigraphic 
framework, major depositional sequences, tectonic interpretation and the petroleum system 
(Wielens et al., 2006). 
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It comprises several important Members (Petrel, Red Island, Otter, Bay Bulls and Fox 
Habour Member), which are not only reservoir rocks but also potential source rocks (Deptuck 
et al., 2003; Grant et al., 1986a; Swift et al., 1975; Wielens et al., 2002 a; b). 
The distribution of all these members is limited to the western margin of the Jeanne 
d´Arc Basin, whereas in the east the formation is not differentiated. The Dawson Canyon 
Formation was deposited under open marine conditions ranging from deltaic to distal 
sediments. The lower part of Dawson Canyon Formation consists mainly of shale, silt- and 
sandstone; however, the chalky Petrel Member was deposited in a more outer neritic 
environment (Grant et al., 1986a; Swift et al., 1975; Wielens et al., 2002 a; b). The distal 
equivalent to the proximal Dawson Canyon Formation is represented by the Wyandot 
Formation, which thickens northeast towards the centre of the basin and consists mainly of 
pelagic coccolithic-foraminiferal chalks and marlstones (Deptuck et al., 2003; McAlpine, 
1990). The end of the Cretaceous is marked by an unconformity which partly truncates older 
strata (Grant et al., 1986a). In the early Paleogene, two main sandstone units, named 
Avondale and Mara members, were deposited east of the well-developed latest Cretaceous 
slope as submarine fans and represent potential reservoirs. These submarine fans were fed 
primarily from two still-existing canyons that incised the western margin of the basin, eroding 
into the Late Cretaceous shelf and slope (Deptuck et al., 2003).  
 
Stage 6: Passive Margin (Eocene to present-day) 
By Eocene time, the Grand Banks was already surrounded by the oceanic crust of the 
proto-Atlantic (McAlpine, 1990). The thermal subsidence still continued and led to a huge 
thicknes of mainly shaly sediments of the Banquereau Formation on the shelf of 
Newfoundland. As a consequence of global cooling and sea-level fall during the Oligocene, 
the environment of deposition changed from neritic to shallow bathyal (Gradstein and 
Williams, 1982). Different phases of uplift with subaerial erosion and deposition during sea-
level rise took place during Middle and Late Miocene as well as during the Pliocene (Grant et 
al., 1986a; McAlpine, 1990).  
The burial history of the Jeanne d´Arc Basin is quite simple in comparison to most 
other basins worldwide and makes it therefore very attractive for modeling, i) to quantify 
geological processes through time, and ii) to improve the match between measured data and 
model predictions so that the results can be applied for other basins. 
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Figure 1- 3: Diagrammatic tectonic element and sediment thickness map (starting from the 
basement) of the Jeanne d´Arc Basin (after McAlpine, 1990). 
 
 
Figure 1- 4: 4E-SW orientated interpreted seismic profile approximately along the axis of the 
Jeanne d’Arc Basin. Line of section is shown in Fig. 1- 3 (after McAlpine, 1990). 
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1.3. The Petroleum System of the Jeanne d’Arc Basin 
Several known and potential hydrocarbon plays are recognized in the Jeanne d´Arc 
Basin and they are mainly associated with structural traps like anticlines, listric faults as well 
as with halokinetic structures and stratigraphic traps (Grant et al., 1986a). The most important 
and probably even largest oilfields within the Jeanne d´Arc Basin are observed in rollover 
anticlines and faults. These oil fields are called Hibernia, located in the west, Terra Nova in 
the southeast and White Rose Field in the northeast (Enachescu and Fagan, 2005).  
Hibernia oil field was discovered in 1979 with an estimated total oil play of 476 
million m3 and more than 97.6 million m3 (615 million bbl) recoverable hydrocarbons (HCs) 
(Skipper, 2001). The Terra Nova oil field was discovered in 1984 containing about 59 million 
m3 recoverable reserves (Skipper, 2001). These huge amounts of accumulated hydrocarbons 
are charged by only one source rock, the so-called Egret Member, deposited in the Late 
Jurassic at about 153 Ma (Magoon et al., 2005; Swift and Williamson, 1980; Creaney and 
Allision, 1987; Huang et al., 1994; Fowler and McAlpine, 1994; von der Dick, 1989; von der 
Dick et al., 1989). The Egret Member is a prolific Kimmeridgian source rock with TOC 
reaching up to 8 wt.-% and a hydrogen index (HI) ranging between 500 and 700 mgHC/gTOC 
(Williamson, 1992). Some other Late Cretaceous potential source rocks were deposited within 
the Jeanne d´Arc Basin such as Wyandot or Petrel Member but they did not become mature 
enough to generate (Deptuck et al., 2003; Wielens et al., 2002a).  
All important reservoir beds were deposited during the Early Jurassic and Late 
Cretaceous rift and rift-drift transition phase (stage 3 and 4). The deposits consist mainly of 
sandstones in the Hibernia, Avalon, Ben Nevis and South Mara Unit Formations. The 
Hibernia sandstone and Avalon Formation contain 44 % and 28 % of all known petroleum 
resources in that area, respectively (Magoon et al., 2005) and have average porosities of 14 % 
and 16 % as well as permeabilities ranging from hundreds to several mD, respectively 
(Enachescu and Fagan, 2005; Hesse and Abid, 1998; Sinclair et al., 1992). These reservoirs 
contain both high API non-biodegraded oils and low API biodegraded heavy oils (Williamson 
et al., 1993). This could result from several charge impulses due to two episodes of 
subsidence, influencing the Egret source rock burial history (Hamdani and Mareschal, 1993; 
Stockmal, 1994). The paleo heat flow evolution is influenced mainly by volcanic intrusions at 
Late Triassic and at Berriasian time as well as by extremely rapid subsidence between 100 
and 80 Ma (Hamdani and Mareschal, 1993; Royden and Keen, 1980), but only the second and 
third items could have altered the maturation levels of organic material of the Egret member; 
this is in accordance with Issler (1984). For the Jeanne d´Arc Basin the present-day thermal 
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gradients range between 24 and 32 °C/km and the heat flow between 38 and 61 mW/m2 
(Correia et al., 1990; Correia and Jones, 1991; Huang et al., 1993). 
The basin wide pore pressure regime can be described with an overpressured northern 
part and a hydrostatic southern part, whereas the transbasinal fault system acts as the 
boundary. Furthermore, some reservoir rocks even in the same oil or gas field seem isolated, 
because different overpressures and undercompaction rates were measured in neighboring 
compartments (Issler, 1994; Rogers and Yassir, 1993; Shimeld and Moir, 2001; Wielens and 
Jauer, 2001; Wielens 2003; Yassir and Rogers, 1994). How different pressure regimes 
influence the migration of the entire petroleum system of Jeanne d´Arc Basin has not been 
analyzed in great detail yet, nor the paleo heat flow in relation to hydrocarbon generation. 
 
 
1.4. The Methods 
1.4.1. Basin and Petroleum System Modeling 
The term “basin modeling” (BM) is used for a forward modeling approach, which 
simulates the burial history with sediment compaction, porosity reduction, etc., the evolution 
of the temperature and heat flow regime, as well as related parameters such as maturation of 
organic matter through time (Hantschel and Kauerauf, 2009). The Petroleum System 
Modeling (PSM) approach uses the same technique but considers the fluids in a basin. The 
movement of pore fluids such as water and petroleum is simulated beside the generation, 
migration and accumulation of petroleum through time (Hantschel and Kauerauf, 2009; 
Poelchau et al., 1997; Tissot and Welte, 1984; Welte, 1972; Welte and Yalcin; 1987, 1988; 
Welte et al., 1997; Yalcin et al., 1997; Yuekler et al., 1978). The combination of the rock 
model (= basin model) and the fluid model (= petroleum system model) is then called a Basin 
and Petroleum System Model (BPSM) (Peters et al., 2009). 
The first step in BPSM modeling is to design a conceptual model, in which basin 
evolution is divided into a series of discrete events/time steps (Poelchau et al., 1997). Each 
event, based on geometrical data, divides the basin into more or less homogeneous layers, 
which represent the geological framework. After “gridding”, the layers are subdivided into 
different cells, for which the geological processes through time are calculated, including the 
mutual effects on the neighboring cells (Wygrala et al., 1989). One cell in the case of 2D 
section is two-dimensional; a block is 3D and becomes 4D with time. Of course, many of 
these geological processes, such as compaction of sediments or formation of oil and gas, can 
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be described with surprisingly simple equations and even calculated manually for one cell, but 
not for the thousands or millions of cells that form an entire basin. Hence, a computer is not 
only more time-effective, it allowes to calculate the entire geologic history for each cell and 
even for hundreds of processes simultaneously (Wielens et al., 2004).  
Additionally, the geological timing of events or processes can be addressed. With a 
numerical model the timing of the processes and elements acting in a basin and petroleum 
system can be easily varied to test and verify the most likely history (Magoon and Dow, 
1994). 
Any numerical model requires a comparison of results with measured data from rock 
samples or fluids. This so-called calibration data include vitrinite reflectance (Littke et al., 
1994; Sachsenhofer and Littke et al., 1993; Stach et al., 1982; Taylor et al., 1998), present-day 
temperatures and pressures (Yalcin et al., 1997; Yahi et al., 2001), fluid inclusion 
homogenization temperatures (Barker and Goldstein, 1990; Leischner et al., 1993), apatite, 
sphene and zircon fission track data (Duddy et al., 1988; Naeser et al., 1989; Naeser, 1993; 
Senglaub et al., 2005), and the composition and size of oil and gas accumulations in relation 
to kerogen in source rocks and their kinetic reactions (Rodriguez and Littke, 2001; Yahi et al., 
2001).  
Therefore the more precise the input, the better the BPSM results will be. In this 
respect, the computer simulation is a very valuable tool for geo-scientific research to test the 
function and correctness of very common and widely accepted geo-processes. Additionally, 
the output of those simulations taking into not only single processes but also their mutual 
effects on each other into account can be analyzed. Discrepancies between simulation results 
and measured data will lead inevitably to new approaches of pure research to falsify, verify or 
correct our understanding of ordinary processes in geology.  
 
 
1.4.2. Geochemistry 
A combination of different geochemical techniques can be used to characterize 
petroleum systems such as the Jeanne d´Arc Basin. Source rocks are commonly characterized 
by standard bulk geochemical measurements such as TOC (total organic carbon) (Hölscher, 
1996) or Rock-Eval pyrolysis (Espitalié et al., 1977; 1984; 1985). More detailed information 
can be achieved both for source rocks and oil samples by molecular geochemical analysis 
derived by gas chromatography and/or mass spectrometry (Erdmann, 1999; Horsfield et al., 
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1989; Jonathan et al., 1975), which provides important information on depositional 
environment and facies (Horsfield, 1989; Eglinton et al., 1990; Larter 1984) and on maturity, 
oil – source rock or oil – oil correlation (Magoon et al., 2005; Magoon and Dow, 1994). Many 
details are summarized in Peters et al. (2005). Biomarker and isotope data can be used in 
addition to reconstruct the filling history of reservoirs and to correlate source rock and 
petroleum (Ganz and Kalkreuth, 1990; Magoon et al., 2005, Magoon and Dow, 1994; Peters 
et al., 2005). 
To evaluate especially the source rocks cheme to generate hydrocabns different 
techniques were developed to establish open and closed, hydrous and anhydrous chemical 
reaction kinetics (di Primio and Horsfield, 2006; Horsfield, 1997; Mango, 1997; 2000 and 
2001; Pepper and Corvi, 1995; Schaefer et al., 1990; Schenk at al., 1997; van Heek and 
Jüntgen, 1968; Wannowius, 1987). Finally, results from pressure, volume and temperature 
modeling (pvT-modeling) can be calibrated with kinetic data on oil and gas generation 
elaborated from source rock samples following the approach of di Primio and Skeie, 2004 and 
di Primio and Horsfield, 2006. 
 
 
1.5. Aims of this Study 
The technical approach of numerical simulations is widely used, both in academia and 
industry to quantify burial and temperature histories as well as hydrocarbon generation, 
migration and accumulation. However, more basic research is necessary to test whether all the 
assumptions which have to be made during model building and simulation are correct. Thus, 
there is a large uncertainty, whether simulation results are in agreement with measured data or 
not, especially with respect to fluid generation and transport. To improve the quantification of 
uncertainty by comparing measured data and BSPM modeling results is the main goal of this 
project. 
It is the intention of this study to provide for the first time a comprehensive, regional-
scale overview of the Jeanne d´Arc Basin, based on burial and temperature history as well as 
on information on oil and gas generation, migration and accumulation to understand the 
general development of the basin and the petroleum system. Furthermore, for the first time a 
detailed-scale charge model of a single oil field was built and analyzed to compare existing 
(measured) data with results from numerical simulations, and hence to calibrate migration 
processes in the model.  
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Establishing a better understanding of the heat flow history through time within the 
Jeanne d´Arc Basin was another point on which the study focuses. It is important to know 
how the paleo-heat flow varied in the past (Triassic – Cretaceous), whether and to what extent 
magmatic intrusions influenced temperature and maturation during the Lower and Middle 
Cretaceous and whether major faults control paleo-temperature/maturity distribution.  
Early paleo-heat flow distribution can often not be reconstructed accurately based on 
thermal maturity parameters such as vitrinite reflectance (Tissot and Welte, 1984). However, 
heat flow can be estimated from knowledge of stretching factors in rift basins (Driscoll et al., 
1995; Waples, 2001). Based on published literature (e.g. Driscoll et al., 1995; Grant et al., 
1986a; Louden 2002, McAlpine, 1990 and Tankard and Welsink 1989) it is possible to 
calculate stretching factors by inversion of subsidence from the basin model (McKenzie, 
1978). Finally, based on the stretching factors, heat flow maps through time can be created. 
The resulting heat flow history is then calibrated by independent vitrinite reflectance data and 
other maturity or temperature-sensitive data (Jarvis and McKenzie, 1980). The BPSM 
modeling software PetroMod used in this study has a tool that allows direct incorporation of 
crustal stretching models in the basal heat flow calibration that considers lateral temperature 
effects and radioactive heat generation. 
Until recently, research in geosciences was based mainly on the description and 
explanation of single processes, which were detached from the “cumulative system Earth”. 
However, future approaches of research have to focus on the complexity of geoprocesses and 
their interrelationships. A consideration of many different parameters at the same time, which 
are connected causally and temporally, can be managed only by comprehensive and complex 
models, which are quantified by numerical simulation (Welte and Yalcin, 1988; Wielens et 
al., 2004). Probably one of the most important issues in the near future is the understanding 
and quantification of transport processes with coupled chemical reactions. This development 
will be of fundamental importance both in diagenesis, water research and petroleum studies 
(Mann et al., 1997). BPSM, working in 4 dimensions (cube + time), predicts generation, 
migration, quality and quantity of accumulated hydrocarbons in reservoirs, incorporating 
temperature and pressures through the entire evolution of the basin (Barker, 1996; Welte and 
Yalcin, 1987).  
A BPSM thus provides the only means to combine all physical aspects and the relative 
timing of the processes, in order to improve the comprehension of complex geo-processes 
related to generation, migration and accumulation of hydrocarbons (Wielens et al., 2004). The 
best way to test the quantification of these processes is to use the integrated approach of the 
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numerical basin and petroleum system modeling technique and to apply this method to a 
confined basin, charged by one source rock and where the petroleum did not migrate away 
from the basin or oil field. The Jeanne d'Arc Basin, offshore Newfoundland is ideal for this 
purpose.  
One critical question with respect to fluid flow modeling is the role of faults in the 
basin, which may be open or closed at certain times. In the Jeanne d’Arc Basin, there is 
evidence of compartmentalization between fault-separated blocks, which provide first hints 
towards an understanding of the system (Wielens and Jauer, 2001). Nevertheless a careful 
analysis of faults based on seismic data including an analysis of permeability of rocks 
juxtaposed at the faults will be a prerequisite for understanding of fluid flow. On the other 
hand, numerical modeling allows examining different scenarios, e.g. with open or closed 
faults, by comparing results with reality. This approach has been used successfully in the past 
to understand petroleum systems including the effect of fault properties on fluid migration 
and petroleum accumulation. 
Over the past years the technology of basin and petroleum system modeling has 
proceeded so far that the results appear to approach actuality. Nevertheless publications on 
systematic studies of transport processes taking fluid composition into account are scarce, 
although a better understanding is needed how close these model predictions match the 
natural processes. Hence, petroleum systems modeling needs to be tested in an actual basin, 
where there are certain constraints on all required input and output parameters. Important 
questions are whether there are indications of a significant influence on maturity by advective 
heat transfer that account for generation of oil and gas and how it can be quantified? And if 
the simulation takes all processes into account influencing the fluid quality in the numerical 
model? The whole systems can be understood only by integrating all available data and 
comparing them to field observations. 
Results elaborated in this study represent a guideline for future investigations in 
applied and pure research regarding a quantified understanding of generation, migration and 
accumulation of hydrocarbons in a complex basin and also provide insights to the effects of 
compartmentalization through faulting and associated fluid/vapor retention and release. 
Additionally, modeling results improved the understanding of the basin evolution and the 
petroleum system of the Jeanne d’Arc Basin .  
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1.6. Outcome of this thesis, which have been published or submitted 
1.6.1. Reviewed Journals 
Baur F., Wielens H., di Primio R., C. Lampe and Littke R.: (submitted to Journal of 
Petroleum Geology): Mass balance calculation using different migration methods applied to 
the Jeanne d’Arc Basin. 
 
Baur F., di Primio R., Wielens H., and Littke R.: (accepted, AAPG April 2010): Reservoir 
Fluid Composition Predictions Combining Special Kinetics and the Basin and Petroleum 
Systems Modeling approach – a study from the Jeanne d'Arc Basin, Eastern Canada. 
 
Baur F., Littke R., Wielens H.J.B., Lampe C. and Fuchs T. (2010): Basin Modeling meets Rift 
Analysis - a Numerical Modeling Study from the Jeanne d'Arc Basin, offshore 
Newfoundland, Canada - Marine and Petroleum Geology, Volume 27, Issue 3, March 
2010, Pages 585-599 
 
1.6.2. Other Publications 
Baur F., Wielens H., and Littke R. (2009): Basin and Petroleum Systems Modeling at the 
Jeanne d’Arc and Carson Basin offshore Newfoundland, Canada – Recorder, September 
2009, p. 24 – 32. 
 
Baur F., Jauer C., Wielens H., Littke R., and Fuchs T. (2008): 4D rift analysis for the Jeanne 
d’Arc basin using inverse basin modeling – Conjugate Margins Conference, 13.08.-
15.08.2008, Halifax – Canada (Extended Abstract) 
 
1.6.3. Abstracts & Posters 
Baur F., and di Primio R. (2010): The Jeanne d’Arc Basin offshore Canada: Testing the 
Predictive Capacity of PhaseKinetic Models using 3D Basin Modeling, AAPG Annual 
Meeting 2007, 11-14.04.2010, New Orleans, USA (Abstract, Poster). 
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Baur F., di Primio R., Wielens H.J.B., and Littke R. (2010): Petroleum Systems Modeling – is 
it worth the Effort? A Study from the Jeanne d’Arc Basin Offshore Newfoundland, Geo2010, 
7-10.03.2010, Manama – Bahrain (Abstract, Poster). 
 
Baur F., di Primio R., Wielens H.J.B., and Littke R. (2009): 3D Fluid-Flow Modeling – a 
Comparison of Different Migration Methods – Jeanne d’Arc Basin, Offshore Newfoundland, 
Canada – IMOG (24. International Meeting on Organic Geochemistry), 06-11.09.2009, 
Bremen – Germany (Abstract, Poster). 
 
di Primio R., Horsfield B., Kuhn P., Kröger K., and Baur F. (2009): Validation of 
Compositional Kinetic Predictions – IMOG (24 International Meeting on Organic 
Geochemistry), 06-11.09.2009, Bremen – Germany (Abstract, Talk). 
 
Baur F., Wielens H.J.B., di Primio R., Lampe C., and Littke R. (2009): Numerical Basin 
Modeling – A Case study from the Jeanne d’Arc Basin, Offshore Newfoundland – AAPG 
Hedberg Meeting, 03-07.05.2009, Napa, California – USA (Abstract and Talk). 
 
Baur F., di Primio R., Wielens H.J.B., Lampe C., and Littke R. (2009): Predicting Petroleum 
Fluid Quality and Quantity by using the PhaseKinetic Approach – A Case study from the 
Jeanne d’Arc Basin, Offshore Newfoundland – DGMK Spring Meeting, 27.-28.04.2009, 
Celle – Germany (Abstract, Poster and Talk). 
 
Baur F., Littke R., Jauer C., Wielens H., and Fuchs T. (2008): Numerical Basin Modeling 
meets 4D Rift analysis – A Study of  the Jeanne d’Arc basin Offshore Newfoundland – Geo 
2008, 29.09.-2.10.2008, Aachen – Germany (Abstract, Poster). 
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2 Basin Modeling meets Rift Analysis - a *umerical Modeling 
Study from the Jeanne d'Arc Basin, offshore *ewfoundland, 
Canada 
 
Abstract 
The Jeanne d’Arc basin, on the Grand Banks offshore Newfoundland, is a confined, 
failed-rift basin. Its initial development and burial history were controlled by crustal 
stretching and thinning. This study provides a detailed analysis of the heat flow-, tectonic 
subsidence-, stretching factor-, maturation- and temperature history, based on 44 1D models- 
and one full 4D (space and time) model. In basin models, the heat flow history is usually 
calculated from vitrinite reflectance (%VRr) data. However, this causes uncertainties and 
reflects only the periods of sedimentation, which where penetrated by wells. Therefore, other 
methods should be used to reconstruct the early heat flow history not recorded by sediments. 
In this study, a discontinuous, pure-shear stretching model, including radioactive heat 
production, reflecting the timing and magnitude of stretching factors of crust and lithospheric 
mantle was applied to a 4D numerical model for the Jeanne d’Arc basin. It is the first time 
that this new technique is shown on a real-case scenario and it gives new insights into the 
regional geodynamics. 
Results show that to understand the thermal evolution of the Jeanne d’Arc sedimentary 
basin completely, it is crucial to consider the Triassic rift system. This first rift generated the 
structural framework of the basin where most of the sediments were deposited. The second 
extension, in the Cretaceous, represents most likely an ultra-slow extension phase with a heat-
impulse too weak to leave any thermal record. This study demonstrates that the entire 
evolution of the Jeanne d’Arc basin can be reconstructed assuming just one single Triassic 
thermal rift. Additionally, it shows the effects of a lateral heat transfer on the determination of 
stretching factors and thus on tectonic subsidence and the resulting heat flow history. 
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2.1. Introduction 
Sedimentary basins are large subsiding structures at the Earth’s surface that have been 
filled with siliciclastic and carbonate marine and/or terrigenous deposits over long periods of 
time. They cover only a small part of the Earth’s surface but contain large amounts of 
important resources such as ground water, ores, precious metals, coal and petroleum. It is 
therefore of great interest to analyze those areas. Not only the kinematic evolution of the 
lithosphere, but also the development of the temperature regime through time, which is 
controlled by heat flow, plays a key role for the development of petroleum systems within a 
sedimentary basin. While the heat flow history is usually calibrated against vitrinite 
reflectance data, this method suffers from inherent uncertainties and is thus ideally verified by 
additional temperature- and maturity-sensitive parameters. These data are commonly 
available from rock samples derived from outcrops or drilled wells. Seismic surveys allow a 
deeper and more comprehensive picture of the basin geometry. To understand the evolution of 
a basin it is crucial to use additional methods such as a stretching model, which takes crustal 
processes such as thinning, timing and related variations in basal heat flow during the initial 
development of the basin into account. 
The Jeanne d’Arc basin is a V-shaped, failed-rift basin located on the Grand Banks, 
300 km off the east coast of Canada (Newfoundland) (Fig. 2- 1). It underwent syn- and post-
rift processes during the Late Triassic and Late Jurassic/Early Cretaceous (Grant et al., 1986a; 
Louden, 2002; McAlpine, 1990; Tankard and Welsink, 1989). Several studies on the 
stratigraphy, structural evolution and geochemical characterization have been performed yet 
so far, but geodynamic modeling has not been quantified or implemented into a numerical 
basin model. The overall goal of this study is to focus on the geodynamic evolution of the 
entire Jeanne d’Arc basin, evaluate the thermal subsidence history and subsequently using 
those results for calculating maturity levels, temperatures and all other related parameters for 
the source rock – the Egret member – in a fully integrated numerical petroleumsystems 
model. For this purpose 44 1D models and a 3D regional model have been created. 
Additionally the recently developed ‘‘advanced McKenzie method’’ for modeling will be 
introduced, which is applied to analyze the tectonic subsidence, the rift events and thermal 
effects in 3D and in detail. 
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Figure 2- 1: Position and extent of the study area, showing the depth to top of basement for the 
Jeanne d’Arc basin derived from seismic data and used as an input geometry of the 3D numerical 
basin model. The red dots show the position of the key wells (Hibernia G-96, South Mara C-13, 
West Ben 4evis B-75 and Fortune G-57, from left to right) used in Figure 2- 4. The insert shows 
the location of the study area on the Grand Banks offshore 4ewfoundland, eastern Canada. Fault 
pattern drawn after Withjack and Schlische (2005) as in Figs. 2- 11 and 2- 12. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this 
article.) 
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2.2. General Geology 
The Jeanne d’Arc basin contains more then 20 km of sedimentary fill and its formation 
is related to the breakup of Pangea. The basin extends almost 250 km in N–S and about 80 km 
(average) in E–W direction. It is bounded by pre-Mesozoic rocks of the Bonavista Platform to 
the West and by the Outer Ridge complex in the East (Fig. 2- 1) (Louden, 2002). In N–S 
direction the Basin is divided into three segments bounded by W–E trending faults. In the 
southern part, Jurassic and Cretaceous rocks are almost absent (Deptuck et al., 2003; 
Enachescu, 1992); only Tertiary rocks are present. In the central part sediments thicken 
northwards (Tankard et al., 1989) and in the northern part of the basin the sediments are 
completely preserved, with a total thickness of over 20 km (Deptuck et al., 2003; McAlpine, 
1990). 
All sediments rest upon a crystalline basement of Precambrian to Carboniferous age 
(Fig. 2- 2) (Amoco, 1973). Red beds, thick evaporites, limestones, dolomites and salt have 
been formed during the initial Triassic WNW–ESE extensional rift followed by very thick and 
fine-grained Late Jurassic to Cretaceous clastic sediments with interbedded limestones (Fig. 
2- 2) (Grant et al., 1986a; Tankard and Welsink, 1989; Tankard et al., 1989). During the 
Oxfordian and Kimmeridgian, the Ranking Formation that contains the Egret Member was 
deposited. It is the only mature source rock on the Grand Banks (Fig. 2- 2) (Fowler and 
McAlpine, 1994; Huang et al., 1996; Hubbard, 1988; Magoon et al., 2005; Swift and 
Williams, 1980; von der Dick, 1989; von der Dick et al., 1989). 
Different hiatus and/or unconformities, ranging in age between middle Kimmeridgian 
and Albian, define the ‘‘Avalon Uplift’’, an Early Cretaceous regional tectonic event, which 
eroded deeply into source and reservoir rock intervals (Fig. 2- 2) (Swift and Williams, 1980). 
These uplifted regions acted as the source area for coarse-grained sediments – the siliciclastic 
reservoir rocks such as the Jeanne d’Arc-, Hibernia-, Catalina-, Avalon- and Ben Nevis-
formations (Fig. 2- 2) (Enachescu and Fagan, 2005). At roughly the same time, during the 
Early Cretaceous, the NNE–SSW orientated Iberia Rift system caused extension while Iberia 
decoupled (Grant et al., 1986a; Louden, 2002; Tankard and Welsink, 1989). This extension 
established orthogonal trans-basin faults, which are the youngest active tectonic elements 
affecting the basin (Enachescu and Fagan, 2005; Grant et al., 1986b; Hesse and Abid, 1998; 
Tankard et al., 1989). Salt movement started during Early Cretaceous and formed 
Stratigraphical and structural traps (McAlpine, 1990; Tankard et al., 1989). 
During the Late Cretaceous, basin-wide subsidence caused deposition of predominantly 
fine-grained siliciclastics and carbonates (Deptuck et al., 2003; Grant et al., 1986b; Swift et 
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al., 1975; Wielens et al., 2006). As a consequence of high sea-level fluctuations during the 
Cenozoic thick shales with interbedded sandstones were deposited via incised canyons at the 
western margin of the basin (CNLOPB, 2004; Deptuck et al., 2003). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2- 2: Chronostratigraphical chart for the Jeanne d’Arc basin. Black lines mark available 
structural depths maps for the 3D model (after Sinclair, 1993). 
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2.3. Basin Modeling 
The term ‘‘basin modeling’’ is used for a finite-element forward modeling approach, 
which is realized in all standard software tools available on the market that can be used to 
analyze the formation and evolution of a sedimentary basin. Usually a finite-element forward 
modeling approach is used to simulate the burial history of sediments including compaction, 
pressure, temperature, as well as maturation of organic matter, petroleum generation, 
migration and accumulation through time (Beha et al., 2008; Noeth et al., 2002; Poelchau et 
al., 1997; Tissot and Welte, 1984; Welte and Yalcin, 1988; Yalcin et al., 1997; Yuekler et al., 
1978). 
The first step in numerical basin modeling is to designa conceptual model, in which 
the basin history is divided into a series of discrete events/time steps, which give the time 
frame for the layers (Poelchau et al., 1997). A gridding routine separates these layers into 
individual cells, for which all important parameters are calculated including their mutual 
effects of the adjacent cells. 
Any numerical basin model requires comparison of modeling results with actual, 
measured data from rock samples or fluids. Therefore, the more precise the input, the better 
the modeling results will be. In case the modeling results do not reflect the observations there 
are three likely causes: (1) the observations are wrong, (2) the input and/or calibration data are 
insufficient, or (3) the simulation technique is not suitable. In this study issues (1) and (2) can 
largely be ruled out due to the fact that the input data used for modeling are of very high 
quality. Hence it can be concluded that special focus is required on the modeling technique to 
explain a possible mismatch of calibration and output data. 
It is recommended to start with simple 1D models to solve the principle timing and 
mechanism of the basin-forming processes and to continue with complex 3D models, which 
allow also a reasonable pressure calculation. Essentially, 3D model act as dynamic systems 
where processes can be addressed and quantified and sensitivities can be analyzed in more 
detail. 
 
 
2.4. Rift Subsidence and Heat Flow Analysis – Method  
To link crustal processes and petroleum system modeling, the PetroMod® suite 
software has been used, developed by Integrated Exploration Systems (IES-Schlumberger). 
To build and simulate the models, ‘‘PetroMod 1D’’ and ‘‘PetroFlow 3D’’ have been used, 
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respectively. To simulate the crustal processes, the so-called ‘‘Crustal Heat Flow Processor’’ 
has been applied, followed by the ‘‘Heat Flow Calibration tool’’ to calibrate the heat flow 
maps. The basic idea is to run a detailed rift analysis first to determine the heat flow through 
time. Then, this heat flow history can be used as an input parameter in basin modeling to 
calculate burial-related temperature and all temperature-dependent parameters, such as source 
rock maturity and the generation of hydrocarbons. 
A discontinuous, pure-shear stretching model, which contains two individual 
stretching factors for crust and lithospheric mantle (Fig. 2- 3) (Hantschel and Kauerauf, 2009) 
to reflect radioactive heat production within the crust has been applied to 44 well locations 
using 1D numerical models and a 3D model.  
 
Stretching
Factor
Lateral 
distance
ß-crust
γ-mantle
ß-crust
ß-crust
γ-mantle
γ-mantle
 
Figure 2- 3: Typical crustal models with corresponding geometries and lateral stretching factor 
distributions (after Hantschel and Kauerauf, 2009). 
 
 
The radioactive heat production within the sediments is considered manually for the 
1D and 3D-approach by using special user-defined lithologies, which are defined based on the 
rock composition taken from the basin data base. This new concept is called ‘‘advanced 
McKenzie approach’’ and reflects better the physical and chemical properties of the brittle 
crust and the overlaying sediments. Additional data about the crust and lithospheric mantle 
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are needed for the rift analysis, such as thermal properties, densities and thickness as well as 
the syn- and post-rift ages. Those data are summarized in Table 2- 1. Additional data for the 
radioactivity and thermal conductivity integrated into the physical properties of the lithologies 
used for the sedimentary fill of the Jeanne d’Arc basin are provided in Table 2- 2 for the well 
Fortune G-57 as an example. Additionally the thermal history is shown in Fig. 2- 4 and 2- 5. 
 
 
Table 2- 1: Rift ages and physical properties for crust and lithospheric mantle. 
Rifting from [Ma] 230 
Rifting to [Ma] 220 
Subsidence from [Ma] 220 
Subsidence to [Ma] 0 
Expansion coefficient [k-1] 3.3e-5 crust;  
5.0e-5 mantle 
Conductivity @ 20°C [W/m/K] 3.1 crust 
4.1 lith. mantle 
Diffusivity [m2/s] 0.804e-6 crust; 
6.0e-6 mantle 
Base Lithosphere Temperature 
[degree Centigrade] 
1333°C 
Density for Water [kg/m3] 1040 
Density for Crust [kg/m3] 2800 
Density for Lithospheric Mantle [kg/m3] 3300 
Initial Thickness of the Crust [km] ~ 42  
Present-Day Thickness of the Crust [km] ~ 35.5  
Thickness of the Lithospheric Mantle [km] 95 
Radioactive Heat Production* [µW/m3] 2.5 for crust & 
mantle decreasing 
with depth over the 
“half depth value”, 
see equations 6 and 
7 
Half Depth Value* [m] 7000  
*
 = value used for the 3D model only. Radioactive heat production for 1D models are integrated via the lithology 
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26 
 
Figure 2- 4: Burial- and heat flow history as well as calculated and measured calibration data 
(GSC, 2008) for four different 1D models located at different structural settings in the Jeanne 
d’Arc basin. Red dots in Figure 2- 1 locate wells. The thermal history for well Fortune G-57 is 
shown in Figure 2- 5. 
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The ‘‘advanced McKenzie approach’’ consists of three main steps. 
In the first step, the ‘‘theoretical tectonic subsidence’’ for a water-loaded basin is 
determined, based on the present-day geometry, the age assignment and the defined erosions 
by stepwise decompaction of the sediments. This can easily be done by applying the 
backstripping equation from Steckler and Watts (1978), which can be derived assuming local 
isostatic behavior (Airy isostasy). 
In the second step, the corresponding stretching factors are determined by applying a 
stretching model and calculating the best-fit between the ‘‘theoretical’’ and ‘‘calculated 
tectonic subsidence’’ curve, where the calculated subsidence is derived from the McKenzie 
approach, while the ‘‘theoretical subsidence’’ is equal to the backstripping sedimentary 
loading. This is done automatically, using an inversion technique in the 3D-approach, yet has 
to be done manually in the 1D-approach. In the advanced 3D-approach, the obtained 
stretching map for the lithospheric mantle is then smoothed to address the ductile behavior of 
the lithospheric mantle. 
In the third step, the stretching factors are used to develop the heat flow history by 
applying the stretching model again. It is important to note that no kinematic or lithospheric 
flexural models have been integrated for the subsequent calculations. Using this method, it is 
possible to calculate the tectonic subsidence for each single position within a basin 
(backstripping) and to fit this calculated tectonic subsidence based on the ‘‘advanced 
McKenzie approach’’ to the theoretical tectonic subsidence, which derived from measured 
well-data. The better the fit, the better the resulting heat flow scenario. 
 
 
Figure 2- 5: Temperature, maturity and transformation ratio shown for the Egret Member at the 
well-location of Fortune G-57 (see Fig. 2- 1 for location). 
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2.5. Stretching Models 
Vogt and Ostenso (1967) described thermal subsidence as being the result of shrinkage 
of a cooling oceanic crust. Sleep (1971) proposed a direct connection between heating up an 
area and causing uplift due to expansion, subsequently causing subsidence. But the first real 
stretching model is the traditional analytical McKenzie approach (1978), which already 
includes all important techniques used for modern stretching models. The basic idea is that the 
lithosphere is stretched by a factor beta (β), leading to upwelling of the hot asthenosphere 
with a constant temperature Ta. The entire “tectonic subsidence” is split into two parts: (1) the 
“initial subsidence” directly after the stretching (end of the syn-rift phase) and (2) “thermal 
subsidence” due to cooling (Stec = Sini (syn-rift) + Sthermal (post-rift), where S = Subsidence). 
The initial subsidence can be derived assuming isostatic compensation before and after 
stretching (eq. 1). For the thermal subsidence (eq. 2) and the heat flow history the one-
dimensional heat flow equation (eq. 3) is solved, with the initial boundary conditions (directly 
after the syn-rift phase) taken from the model. Here, an initial temperature gradient is 
assumed determined by the sediment water interface temperature (SWI) and the 
asthenosphere isotherm (set to 1333°C). In this case the differential equation (eq. 3) can be 
solved by a Fourier expansion and yields the temperature as a function of depth and time; or, 
in other words, the depth-dependent temperature distribution through time. The first chain of 
this Fourier expansion is given in equation 4. 
The heat flow history and the thermal subsidence can then easily be derived from this 
by using equation 3. The first term of the Fourier chain is given in equation 2 and describes 
the behavior for large stretching factors or for times long after the stretching occurred. Even 
in this simple stretching model, where instantaneous stretching was assumed, one obtains the 
typical shape of an exponentially decreasing subsidence curve due to cooling.  
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Sinitial = initial subsidence [m] 
tL = initial thickness of the lithosphere [m] 
tC = initial-day thickness of the crust [m] 
tM = (tL- tC) = initial thickness of the lithospheric mantle [m] 
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ρC = density crust [kg/m
3] 
ρM = density mantle [kg/m
3] 
ρx = density of sediment or water or air [kg/m
3] 
Ta = temperature of the asthenosphere [degree Centigrade] 
αV = expansion coefficient [k
-1] 
β = stretching factor [fraction] 
 
( )τ
β
π
π
β t
thermal
eEtS
−
−





≈ 1sin)( 0        (2) 
E0 = 4 (tL ρM αV Ta) / (ρM - ρx) π
2 
t = time after extension 
τ  = t
2
L / π
2
k = thermal constant of the lithosphere 
other parameters explained in equation 1 
 
Equation 3 gives the relation between heat flow and temperature gradient for a simple 1D case 
(One-dimensional differential heat flow equation): 
λ*
z
T
q
∂
∂
−=           (3) 
q = heat flow [mW/m2] 
T = temperature [°C Grad] 
z = depth [m] 
λ = thermal conductivity [W/m K] 
 
Equation 4 gives the first chain of the Fourier expansion 
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z = depth [m] 
(parameters as in above equations) 
 
The new and more advanced approach to define the heat flow, solves the relevant 1D 
heat flow differential equation (eq. 5) (Jarvis and McKenzie, 1980). PetroMod® is doing this 
for the first time with a numerical simulator. This allows including a finite stretching period 
and radioactive heat sources in this differential equation. Additionally, a “discontinuous 
2. Basin Modeling meets Rift Analysis                                                                                         . 
    
30 
depth-dependent stretching model” is applied, where two different stretching factors are used, 
one for the crust (β) and a second one for the lithospheric mantle (γ). (Note: The term γ is 
used also elsewhere, but here it is used for the stretching factor of the lithospheric mantle) 
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2
κ        (5) 
κ = λ/ρc = thermal diffusivity [m2/s] 
tL = thickness of lithosphere 
G = log βCrust/γMantle / ∆t = magnitude of vertical stretching velocity [m/s] 
 
This equation was introduced by Jarvis and McKenzie (1980) but without the 
inhomogeneous radioactive heat production term, which was defined to be zero. In the 
“advanced McKenzie approach” this term was included and represents the amount of heat 
derived from radioactive heat production within the lithosphere. Based on Waples (2001) and 
Allen and Allen (1990), it is assumed that the radioactive heat sources decrease exponentially 
with depth (eq. 6). 
0)2ln(
0
zz
eQQ
−=           (6) 
0Q = initial radioactive heat production value [mW/m
3] 
z0 = half-depth value [m] 
(parameters as in above equations 5 and 6) 
 
Equation 6 gives the heat flow production Q at a certain depth z, including radioactive 
heat production within the crust and the lithospheric mantle but not for the deposited 
sediments representing the basinal fill. All thermal properties presented here are used for the 
crustal model, which starts below the geometrically defined input model. For the sedimentary 
infill of the basin, thus the sediments itself, lithological physical properties are taken from an 
internal database. The decrease of radioactive heat due to stretching and thinning processes 
within crust and mantle is also considered by using a “half depth value”, which represents the 
depth at which the amount of radioactive heat is only half of its initial assumed value for the 
surface conditions (eq. 7). This depth is adjusted to the stretched lithosphere for each time 
step. 
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( ) PDztz
t 00 */)( ββ=         (7) 
z0 PD = half-depth value at present-day 
(parameters as in above equations) 
 
The total amount of radiogenic heat at the top of the crust is obtained by integrating equation 
6 yielding equation 8. 
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2.6. 1D – Input and Burial History Analysis 
Rift and subsidence have been analyzed for 44 well locations within the Jeanne d’Arc 
basin. The input data for all the 1D models derive from various sources. The stratigraphy is 
based on CNLOPB (2004) and the lithostratigraphy and all calibration data are taken from the 
Basin Database (GSC, 2008), which allows a high vertical resolution of 20 cm intervals with 
respect to composition and mixing-percentage of the individual rock units. All layers below 
the total depth of the wells are adopted from the 3D model. Physical and chemical parameters, 
which are characterizing the lithologies assigned to the strata, derived from the PetroMod® 
database. Deposition and erosion ages are compiled from Ascoli (1975), Bujak Davies Group, 
1988a; b; c; Gradstein and Williams (1982), McAlpine (1990) and Williamson (1987). 
One boundary condition for the 1D models derives from lithofacies descriptions e.g. 
from public literature mentioned above including biostratigraphy in order to estimate the 
paleo-water depth (PWD). This allows to calculate paleo-mean surface temperatures from the 
sediment–water-interface depth and paleo-latitude (Wygrala et al., 1989). Furthermore the 
heat flow is calculated by applying the ‘‘advanced McKenzie approach’’. Additionally, it is 
essential to know the present-day thickness of the crust. This information derives from deep-
reflection and refraction seismic (Lau et al., 2006a; b) based upon which the crustal thickness 
is between 35.0 and 36.5 km below the Jeanne d’Arc basin, increasing to the north. 
First, the burial history for each well-location has been analyzed. Four burial history 
examples are shown in Figure 2- 4. A general, basinwide characteristic is a strong and fast 
subsidence during the Late Triassic (Figs. 2- 4 and 2- 6, Rift A) and moderate subsidence 
during the Jurassic (Fig. 2- 4, ovals). This reflects the development of an active Triassic rift 
with fast syn-rift tectonic subsidence followed by a smooth transition into the post-rift phase 
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of thermal subsidence. A second period of increased sedimentation rates can be observed at 
the transition from the Jurassic to the Cretaceous (Figs. 2- 4 and 2- 6, Rift B). This is possibly 
related to a second phase of extension. 
The 1D burial-depth plot indicates that this second rift phase is not accompanied by 
thermal subsidence after the syn-rift. If a real McKenzie, non-volcanic, rift was active at that 
time a long phase of increased subsidence that fades out and represents the thermal (post-rift) 
subsidence would be expected. Instead, there is an abrupt change to a horizontal burial history 
line, indicating no sedimentation and no erosion, i.e., a hiatus (Fig. 2- 4, ovals). This can be 
observed in all well locations throughout the basin and is a first hint that the hypothesis of an 
active rift system affecting the Jeanne d’Arc basin thermally at the Jurassic/Cretaceous 
transition must be revised. It is possible that the heat-pulse of the second rift was too weak, so 
that the generated heat dissipated on the way up and did not cause any additional subsidence. 
This matches the theory of an ultra-slow rift as described by Srivastava et al., 2000. A third 
period of rapid subsidence occurs in the Cenozoic (Figs. 2- 4 and 2- 6, Rift C). Enachescu 
(1992) and Keen et al. (1987) suggest that the high sedimentation rates during the past 35 Ma 
are due to movements of a basement high (Orphan Knoll) located in the north-east of the 
Jeanne d’Arc basin, causing extension. 
 
 
Figure 2- 6: Schematic overview of the three rift phase scenarios that might have influenced the 
Jeanne d’Arc basin. Scenario I reflects a Triassic rift (Rift A), scenario II the combination of a 
Triassic and a Jurassic/Cretaceous rift (Rift A + B), and scenario III includes a Triassic and 
Cenozoic rift (Rift A + C). The individual scenarios are discussed in the text. 
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2.7. 1D – Rift and Subsidence Analysis 
After the burial history was analyzed in detail, backstripping has been performed for 
each well-location to gain insight into the ‘‘theoretical tectonic subsidence’’. Figure 2- 7 
shows the ‘‘theoretical tectonic subsidence’’ curves as well as the ‘‘calculated tectonic 
subsidence’’ based on the ‘‘advanced McKenzie approach’’. The best match results from 
using just one active Triassic rift with stretching factors for crust varying between 1.2 and 3.2 
and gamma factors for the lithospheric mantle between 1.5 and 7 (Table 2- 3 and Fig. 2- 7). 
The initial thickness of the crust, as calculated, varies between 38 and 44 km (Table 2- 3). 
Based on various publications, the Triassic syn-rift phase is set from 230 to 220 Ma 
(Enachescu, 1992; Hubbard, 1988; Jansa andWade, 1975; McAlpine, 1990; Sinclair et al., 
1992; Tankard et al., 1989; Welsink et al., 1989). 
 
 
Figure 2- 7: Theoretical subsidence is represented by grey area and line with dots mark 
calculated tectonic subsidence including a Triassic rift (230–220 Ma = active rift phase marked by 
the vertical grey bar) given for six different well locations, as derived from 1D models. 
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For the 1D approach, it is crucial to verify beta (β) and gamma (γ) as well as the initial 
and present thickness of the crust iteratively. After matching the “calculated” with the 
“theoretical tectonic subsidence”, the known present-day thickness of the crust has to be 
calculated using equation 9 to check whether the assumed initial crustal thickness works 
properly together with the stretching factor and results in the known present-day thickness of 
the crust. 
PD
C t
t
=
β            (9) 
tC = initial thickness of the crust [m] 
tPD = present-day thickness of the crust including sediments [m] 
β = stretching factor [fraction] 
 
In case of a mismatch between calculated and known present-day crustal thickness, the 
initial thickness of the crust has to be changed and the stretching factors have to be readjusted 
to fit the given tectonic subsidence curve.  
Different scenarios have been used to test for one or more rifting events. Scenario I 
represents a simple one-rift set-up including the Triassic rift only (Fig. 2- 6, Rift A). Because 
a second Jurassic/Cretaceous rift event (155–45 Ma) is postulated in some publications, a 
two-rift-approach has been tested in Scenario II (Fig. 2- 6, Rift A + B). Scenario III also 
represents a two-rift-approach but considers a Triassic and a Cenozoic rift event (Fig. 2- 6, 
Rift A + C). 
Scenario I results in a good match between ‘‘theoretical’’ and ‘‘calculated’’ 
subsidence. Scenario II is demonstrated for well Fortune G-57 (Fig. 2- 8). First, the Triassic 
rift system (Rift A) was calibrated, then in a second step the Jurassic/Cretaceous rift (Rift B) 
is implemented, starting at 155 Ma, with a syn-rift phase heating for 10 Ma. From 145 Ma on, 
pure thermal subsidence is assumed. The subsidence caused by Rift B can be calibrated 
against the syn-rift phase only, because the ‘‘tectonic subsidence’’ is already influenced by 
the ‘‘thermal subsidence’’ of Rift A. After calculating the subsidence for the two rifts 
individually, the subsidence curves are combined. The final ‘‘calculated tectonic subsidence’’ 
is too strong (Fig. 2- 8), not only for this but also for all other tested wells. Therefore, the 
subsidence effect of the second rift event is big enough to drop the entire subsidence curve far 
below the real tectonic subsidence, even though only very small stretching factors have been 
applied, ranging between 1.01 and 1.1. Consequently, the thermal influence caused by the 
second rift is insignificantly small. 
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Table 2- 3: 1D Rift-, subsidence- and heat flow results 
HF scenario I (rift 
A) [mW/m2] 
HF scenario I 
 (calibrated) [mW/m2] 
well name 
Beta for 
Crust 
Gamma 
for 
Lithos-
pheric 
Mantle 
Sediment 
Thickness 
(PD) [m] 
Tectonic 
Subsidence 
(PD) [m] 
Paleo 
Crust 
Thickness 
[km] 
Crust 
Thickness 
(PD) [km] 
Average 
Density of 
Sediments 
[g/cm3] 
Max HF 
220 Ma 
Present 
Day HF 
Max HF 
220 Ma 
Present 
Day HF 
Adolphus D50 3.20 7.00 19053 7420 48.0 36.5 2.57 144.7 33.7 133.8 40.0 
Archer_K_19 1.56 3.00 8783 3380 42.0 35.8 2.60 78.9 35.2 78.9 39.0 
Avondale_A_46 2.10 4.00 13043 5050 42.0 35.7 2.58 98.0 33.8 90.3 40.0 
Ben_Nevis_I_45 1.70 3.00 10853 4000 42.0 35.7 2.71 87.6 34.4 87.8 40.0 
Beothuk_M_05 1.43 1.70 6985 2700 40.0 35.1 2.59 57.3 34.3 56.4 40.0 
Bonne_Bay_C_73 1.51 2.50 8262 3110 41.0 35.6 2.66 81.6 37.9 81.6 43.0 
Botwood_G_89 2.15 6.00 14762 5400 44.0 36.2 2.73 105.7 34.6 96.3 40.0 
Cormorant_N_83 1.19 1.50 3283 1200 39.0 35.0 2.74 46.7 32.3 46.7 45.0 
East Ranking_H_21 1.47 2.00 7370 2950 41.0 35.5 2.50 61.7 32.8 63.4 47.0 
Egret_K_86 1.53 2.50 8053 3180 42.0 35.2 2.53 70.8 33.2 66.5 39.0 
Fortune_G_57 1.65 2.50 8999 3650 40.0 35.8 2.47 76.8 41.0 76.8 40.0 
Gambo_N_70 1.41 2.20 6598 2650 40.5 35.0 2.49 69.1 34.8 67.3 37.0 
Hebron_I_13 1.80 2.40 11179 4450 44.0 35.6 2.51 73.6 35.7 70.6 39.0 
Hibernia_C_96 1.55 3.00 9013 3330 42.0 36.1 2.71 79.1 33.4 85.7 37.0 
Hibernia_G_55 1.20 1.50 3417 1450 39.0 36.1 2.36 55.9 32.3 52.2 37.0 
Hibernia_J_34 1.32 1.50 5702 2180 39.5 36.0 2.62 50.4 32.2 48.4 42.0 
Hibernia_K_18 1.35 1.50 6525 2350 39.5 36.2 2.78 49.2 32.2 50.1 40.0 
Hibernia_P_15 1.44 1.90 7355 2800 40.5 36.1 2.63 58.7 32.7 58.7 36.0 
King´s_Cove_A_26 1.46 2.50 7122 2800 41.0 35.1 2.54 69.8 33.3 69.8 38.0 
Mara_E_30 1.87 3.50 11789 4500 43.0 35.9 2.62 86.9 33.6 86.9 33.6 
Mara_M_54 1.85 3.50 11965 4430 44.0 36.0 2.70 88.5 33.4 88.5 38.0 
Mercury_K_76 1.24 2.70 4496 1800 44.0 36.4 2.50 69.1 32.9 68.0 39.0 
Nautilus_C_92 1.37 2.00 6822 2450 40.0 36.3 2.78 60.5 32.9 60.5 39.0 
North_Ben_nevis_M_61 1.85 3.60 12073 4500 43.0 35.9 2.68 89.1 33.6 89.1 39.0 
North_Ben_nevis_P_93 1.88 3.60 12542 4520 43.0 36.0 2.77 85.6 33.6 85.6 38.0 
North_Trinity_H_71 1.51 3.00 9235 3150 41.0 35.5 2.93 77.9 33.5 77.9 36.0 
Port_au_port_J_57 1.40 2.60 6964 2450 40.0 35.0 2.84 69.3 33.5 69.3 38.0 
Ranking_M_36 1.42 1.80 6910 2700 40.0 35.7 2.56 57.8 32.7 57.8 37.0 
South_Brook_N_30 1.27 1.40 4551 1950 40.0 35.1 2.33 45.3 31.9 46.0 43.0 
South_Mara_C_13 1.88 3.50 12158 4600 43.0 35.9 2.64 85.2 33.6 85.2 35.0 
Springdale_M_29 1.30 1.50 5459 2050 39.0 35.5 2.66 48.9 32.3 48.9 42.0 
Terra_Nova_C_09 1.55 2.70 8702 3330 42.0 35.3 2.61 73.2 33.3 73.2 38.0 
Terra_Nova_E_79 1.48 2.70 7828 2980 41.0 35.4 2.63 73.2 33.4 73.2 40.0 
Terra_Nova_H_99 1.53 2.50 8492 3220 41.5 35.4 2.64 68.1 33.2 68.1 39.0 
Terra_Nova_I_97 1.44 2.50 7346 2700 41.0 35.2 2.72 69.9 33.3 69.9 39.0 
Terra_Nova_K_07 1.51 2.60 8039 3000 41.0 35.2 2.68 71.3 33.3 71.3 39.0 
Terra_Nova_K_18 1.55 2.70 8833 3300 42.0 35.3 2.68 72.2 33.3 72.2 39.0 
Trave_E_87 1.52 2.60 8191 3220 42.0 36.5 2.54 71.0 33.2 71.0 41.0 
Voyager_J_18 1.38 1.80 6261 2550 40.0 35.3 2.46 55.5 32.7 55.5 41.0 
West_Ben_nevis_B_75 1.76 3.00 10752 4100 42.0 35.6 2.62 79.1 33.5 79.1 39.0 
Whiterose_A_90 1.54 2.70 8335 3280 42.0 36.3 2.54 74.7 33.3 74.7 41.0 
Whiterose_J_49 1.68 3.00 10308 3900 42.5 36.2 2.64 78.8 33.4 78.8 41.0 
Whiterose_L_61 1.66 3.50 9727 3700 41.5 36.4 2.63 82.1 33.7 82.1 39.0 
Whiterose_N_22 1.50 3.00 8643 3280 41.5 36.4 2.64 76.5 33.5 76.5 41.0 
Average value 1.59 2.73 8699 3311.59 41.52 35.73 2.62 73.3 33.6 72.5 39.4 
 
 
Scenario III comprises a Triassic Rift A and Rift C, which represents the movement of 
the Orphan Knoll. This can be accomplished by fitting the stretching factors for Rift C leading 
to an adequate subsidence for all well locations. Therefore, Scenarios I and III seem to yield 
the best results, whereas Scenario II can be ruled out. Scenario IV contains all three rifting 
events (Rift A + B + C) but understandably this result in a too deep subsidence and in too 
high paleo- and present-day heat flow values. 
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Figure 2- 8: Theoretical subsidence is represented by the grey area limited by a line with dots and 
marks the calculated tectonic subsidence for the Triassic rift for well Fortune G-57. An additional 
second rift phase in the Jurassic/Cretaceous causes superfluous tectonic subsidence. 
 
2.8. 1D – Heat Flow Analysis 
After the tectonic subsidence has been analyzed successfully, the derived stretching 
factors are translated into reasonable heat flow histories for Scenario I (Rift A) and Scenario 
III (Rift A + C) by applying the ‘‘advanced McKenzie model’’, based on equations (4)–(8) 
(see also Fig. 2- 9), including a discontinuous, depth-dependent stretching model with an 
almost instantaneous rift, lasting only 10 Ma. Other factors influencing the thermal regime of 
the basin have been taken into account. Those include: (1) corrected sediment–water-interface 
temperature (Piper et al., 1990) to account for cool upper boundary conditions induced by the 
Labrador Current, (2) adjusted thermal conductivity values for the lithologies used in the 
model (Huang et al., 1993) and (3) integrated radiogenic heat production for the deposited 
sediments (Hamdani and Mareschal, 1993; Keen and Lewis, 1982). 
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Figure 2- 9: Generalized heat flow histories for the Jeanne d’Arc basin. Trends shown in A, B and 
C have been applied to the 1D models, calibrated HF Trend shown in C was applied to 3D 
numerical basin model. 
 
 
The first heat flow trend, representing Scenario I (Fig. 2- 9A), has a strong increase of 
heat flow values during the end of Triassic (Rift A), followed by an exponential decline down 
to an average level of 33.6 mW/m2 at present-day, which is too low to match the measured 
temperatures and maturity values (Table 2- 3; Figs. 2- 6 and 2- 9A).  
The second heat flow trend derived from Scenario II (Fig. 2- 9B) comprises a Triassic 
heat flow event (Rift A) and a Cenozoic one (Rift C). The latter starts at 35 Ma and reaches an 
average present-day heat flow value of 42 mW/m2. This trend results in very high maturities 
and temperatures and would require an unrealistic decline to match the given bottom hole 
temperatures (BHT) and vitrinite reflectance (%VRr) calibration data (GSC, 2008). 
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A third heat flow trend (Fig. 2- 9C) has been tested, which is very similar to the first 
one, considering only the Triassic rift, but with a more or less constant heat flow for the past 
70 or 50 Ma, depending on the well-location. This means that the thermal subsidence stopped 
at that time and the heat flow value has been kept constant. This causes increased present-day 
heat flow values compared to the first heat flow trend, yet lower values than the scenario 
including a Cenozoic rift. To assume a constant heat flow value for such a long time is an 
approximation and most probably the heat flow has varied over time. But it can be excluded 
that the heat flow was higher or lower than 42 ± 8 mW/m2 due to calibrated vitrinite 
reflectance data and implemented AFT age simulations and interpretations. The apatite fission 
track modeling supports the ages, which are published by Issler et al. (1999) internal reports 
by Grist (1999a; b) and indicate that there was no Cretaceous or Cenozoic rift. Using Scenario 
III (Rift A + C) (Fig. 2- 9B) and IV (Rift A + B + C) results in AFT ages, which are too low, 
whereas using Scenario I (Rift A) (Fig. 2- 9A) yields ages that are too high. Therefore, a 
slightly adjusted Scenario I (Rift A) with constant heat flow values for the past 50–70 Ma 
matches the model calibration data best. 
 
 
2.9. 1D – Output and Discussion 
One explanation for the best-fit model, which predicts constant heat flow for the last 
50–70 Ma is horizontal heat transfer that cannot be treated in the 1D models and is not 
implemented in the 3D-approach This effect has already been investigated by Steckler (1981) 
and Cochran (1983), who pointed out that heat lost due to lateral heat conduction affects 
predominantly the margins of a basin, where unrifted and cold basement is in close vicinity to 
thinned and warmer parts of the basin. Short rifting periods (<15 Ma) can reduce the lateral 
heat loss during syn-rift, especially for the central part of a basin but not for the beginning of 
the postrift phase. The basic idea is that the heat is conducted away especially in the basin-
margin boundary zone, causing a more rapid cooling than is predicted by the exponential 
decline for the post-rift thermal subsidence. This increases the syn-rift subsidence due to 
cooling at the expense of the post-rift subsidence and leads to an overemphasis of the early 
subsidence history and to an underestimate of the late subsidence history (Cochran, 1983). 
Therefore a more rapidly decreasing heat flow is used by using higher gamma factors, which 
lead to a stronger subsidence for the syn-rift phase (Fig. 2- 10A and B). Therefore, neglecting 
the lateral heat transfer means underestimating the syn-rift subsidence but overestimating the 
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late subsidence. For the heat flow this means that the present-day HF is underestimated and 
the paleo-HF is overestimated. In other words the present-day HF should be higher including 
the lateral heat transfer and the paleo-HF should be lower. 
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Figure 2- 10: A) Tectonic Subsidence calculated for different stretching factors, using a uniform 
McKenzie model (mantle and crust are stretched by the same amount). B) Heat flow trend for 
corresponding stretching factors without radioactive heat production. 
 
 
Basin modeling does not make any predictions for subsidence rates, but fits the 
calculated to the theoretical subsidence. By considering vertical heat transport only, one 
would try to create strong syn-rift subsidence with the help of increased stretching factors for 
crust and lithospheric mantle, which is wrong and would increases the heat flow for the entire 
evolution of the basin. A 3D thermal subsidence model including the lateral heat conduction 
during the McKenzie analysis would have increased present-day HF-values but decreased 
paleo-HF-values. Therefore it is recommended to decrease entire the heat flow history except 
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for the last million years. The fact that temperatures and maturities are mostly affected by the 
heat flow during deepest burial explains the big impact of increased present-day heat flow 
values in the Jeanne d’Arc basin, contrary to the minimal effect of changed paleo-heat flow 
values on maturity. 
 
 
2.10. 3D – Input 
The 3D regional model of the Jeanne d’Arc basin, which includes the 3D ‘‘advanced 
McKenzie approach’’ covers an area of ~9000 km2 and extends from the Adolphus area in the 
north to the Cormorant-Spoonbill area in the south (Fig. 2- 1). The model comprises parts of 
the Bonavista platform and Outer Ridge complex, two basement highs limiting the basin to 
the west and east (Fig. 2- 1). The initial grid size of the model is 250 x 250 m with a total 
number of around w13 million cells. For practical purposes (simulation-time and computing 
power) the original grid has been sampled by 3 x 3 in X and Y direction to reduce the number 
of cells to 1.5 million. 
Most important for a 3D input model are the structural depth maps derived from 
seismic surveys and wells. In the current study, maps from two different sources were used: 
(1) Regional depth-maps from Edwards et al., 2000. These maps cover not only the 
basin but also the flanks and horst structures of surrounding highs. The interpretations and 
depth-converted maps are based on 2D seismic only. Six maps are available namely: base of 
Tertiary, Petrel Member, base of Upper Cretaceous, B-Marker, base of Lower Cretaceous and 
top of Basement (Fig. 2- 2). 
(2) Especially for the central part of the basin maps at higher resolution based on 
interpretations of five modern 3D seismic surveys have been integrated (McIntyre et al., 
2004). These horizons represent the most continuous and strongest seismic markers in the 
basin, namely the Tithonian Unconformity, A-Marker and B-Marker (which are not 
chronologically or lithologically consistent over the area), the Petrel Member and the Base 
Tertiary (Fig. 2- 2). These local maps have been depth-converted, based on interval velocity 
maps from literature (McIntyre, 1992) and on velocity maps based on available well- and 
check-shot data (GSC, 2008). In a second step, the local and the regional depth-maps have 
been merged to yield the ideal map-stack for covering the entire basin. Additionally, a sea-
bottom map (water depth) has been used so that a total of nine individual maps where 
available to build the numerical basin model. The resulting eight layers have been subdivided 
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into 38 subunits to account for the basin stratigraphy and to consider facies distributions. 
Additional features have been integrated such as salt movements for the Adolphus area and 
paleo-geometries to account for the complex geometries in the vicinity of the Egret fault 
system. Thermal effects caused by moving salt is up until now not considered within the 
McKenzie approach, but is of course taken into account for the 3D thermal modeling (Magri 
et al., 2008). 
Boundary conditions are defined by maps in the 3D model. Water-depths maps are 
based on facies and depositional environment. ‘‘Sediment water interface temperatures’’ have 
been calculated automatically in the same way as described for the 1D modeling and the heat 
flow maps through time have been constructed using the methods described in chapters 4 & 5. 
 
 
2.11. 3D – General Workflow 
To address the crustal development of the basin, a traditional 3D numerical basin 
model has been built that contains defined layers reaching all the way down to the crystalline 
basement. A crustal model goes beyond a traditional petroleum system model and requires the 
shape of deep laying layers such as top of basement. Therefore it is of great advantage if 
deep-reflection or refraction seismic is available to quantify the total present-day crustal 
thickness (see Chapter 4). Additional parameters required to perform a crustal model 
simulation are described in Table 2- 1. All those data act as input data to perform the 
subsidence and its related heat flow history simulations through time. In a first iteration the 
heat flow maps normally do not fit to the given calibration data but represent a reasonable 
first approach. An optimization can be addressed by performing risk runs that statistically 
analyze a best-fit scenario to the calibration data via ‘‘designs of experiments’’ and its related 
response surface (Hantschel and Kauerauf, 2009). The best approach for this purpose is to cut 
the numerical 3D model into several small ‘‘area of interest’’ (AOI) located around the wells 
that include calibration data for comparison. Several runs can be performed very fast for each 
AOI, shifting the individual heat flow values up and down within defined limits to end up 
with a best-fit scenario. The difference between the new ‘‘best-fit’’ maps and the original heat 
flow maps can be added to the original heat flow maps to create a new, updated set of maps. 
The revised heat flow maps have to be reassigned to the corresponding time steps within the 
3D model so that temperature-dependent parameters such as source rock transformation ratio, 
maturation and generation of hydrocarbons can be calculated in a final simulation run. 
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2.12. 3D – Results and Discussion 
The core results from the crustal analysis are: (1) the tectonic and theoretical 
subsidence map, (2) the stretching maps (beta for the crust and gamma for the lithospheric 
mantle) and (3) the heat flow maps through time (one map for each time step).  
Figure 2- 11A shows the ‘‘theoretical tectonic subsidence’’ for a water loaded basin, 
which amounts to slightly more than one third of the total subsidence (Fig. 2- 1). It reflects all 
major structural elements within the basin. The calculated tectonic subsidence (Fig. 2- 11B) 
features areas of dome-like structures, which seem to be stuck in the underground causing 
small round-shaped spikes. These structures may be artifacts occurring at the transition of 
regional and local maps or along the transition of the basin to the neighboring basement horst 
structures where the sediments tend to pinch out. A third explanation for the spikes may be 
the imprecise shape of the deeply buried top of basement. Grant and McAlpine (1990) 
postulated the basement depth to occur at 7 km, yet the basement was penetrated by wells at 
depths of only 5 km in the Hibernia area. It can be concluded that the general shape of the 
strata gets worse with depth and thus those structures are artifacts caused by inexact structural 
depth-maps.  
The stretching map for the crust (β-values, Fig. 2- 11C) shows high values ranging 
from over 3 down to 1.7 for the northern and central part where more than 20 km of sediments 
have been deposited. Smaller values, slightly above 1.1, are calculated for the area south of 
the Egret faults. The stretched area between the Murre fault in the west and a small salt body 
north of the Egret area is shown by the calculation results very nicely. Thus, all structural 
compartments within the Jeanne d’Arc basin – intensively rifted areas, moderately buried 
zones and quiet areas throughout geological time – are well reproduced by the crustal 
stretching factors.  
The same holds true for the stretching map of the lithospheric mantle (γ-value, Fig. 2- 
11D). Stretching values range between 1.1 to values of over 6. These high values do not only 
occur in the north-central-most part of basin (Adolphus area) where they are expected, but 
also along the Murre fault and its northern extension. This can be explained by the general 
half-graben structure of the Jeanne d’Arc basin, the origin of which seems to lie in the 
stretching behavior of the lithospheric mantle and its connection to the crust. This asymmetry 
(simple shear model) is also known from the Iberian-Newfoundland rift-development 
(Whitmarsh et al., 2001).  
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Figure 2- 11: Tectonic subsidence and stretching-factor maps. A) Theoretical tectonic subsidence 
for the basin at present-day. B) Calculated tectonic subsidence using a discontinuous, depth 
depended, pure-shear stretching model ‘‘advanced McKenzie model’’. C) Stretching map for the 
crust. D) Stretching map for the lithospheric mantle (compare with Fig.2- 3). 
 
 
Heat flow maps transformed directly from the stretching factor maps are shown in 
Figure 2- 12A (220 Ma, end of active rifting) and Figure 2- 12B (present-day, 0 Ma). The 
paleo-heat flow map (Fig. 2- 12A) reflects the asymmetrical stretching behavior of the Jeanne 
d’Arc basin very well, with values ranging between 39 mW/m2 in the southern and eastern 
part to 145 mW/m2 over the depocenter in the north (Fig. 2- 12A). 
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Figure 2- 12: Heat flow maps. A) Maximum paleo-heat flow map for the period of active rifting 
(230–220 Ma) and B) at present-day (0 Ma). C) Corrected heat flow map based on calibration 
risked runs. D) Difference between original maps derived from the ‘‘Crustal Heat Flow 
Processor’’ and corrected maps after performing calibration. 
 
 
The entire system is almost equilibrated at present-day, which is shown by heat flow 
values ranging between only 39 and 44 mW/m2 (Fig. 2- 12B). 
Calibrating the maps, using the ‘‘3D heat flow calibration tool’’, results in new heat 
flow maps (Fig. 2- 12C), which differ between -9 and 13 mW/m2 from the initially calculated 
heat flow maps at some well locations, but are very similar to heat flow values based on 
neural networks given by Goutorbe et al. (2007) or other publications (Correia and Jones, 
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1991; Correia et al., 1990; Issler, 1984; Issler et al., 1986; Sclater et al., 1980). The difference 
map is given in Figure 2- 12D. Nine well locations out of 44 investigated wells are located 
close to basin-bounding or trans-basin faults, where the seismic-based geometry interpretation 
may be inaccurate. A second reason for this difference, occurring also in the center of the 
basin, may be the width of the Jeanne d’Arc basin, which is only 80 km. How far the cooling 
effect of a cold bounding basement high reaches into a center of the basin, depends very much 
on the length to width ratio of the basin itself and therefore on the surface area of the contact 
surface between cold basement high and warmer basin fill. The narrower and elongated a 
basin is the more volume of the sedimentary fill stays in direct contact with the cold basement 
highs and can be cooled down more easily. In an ideally round basin this contact surface area 
between cold basement high and sedimentary fill would be minimal and thus the cooling 
effect would be minimal as well. Only two of the deviant wells, marked by red dotted circles 
in Figure 2- 12D are not located close to a fault. Thus their variance can probably be traced 
back to a disturbed input geometry. All other 33 investigated wells have been calibrated with 
a moderate change in heat flow with deviations less than -3.8 mW/m2. 
 
 
2.13. Conclusion 
The Triassic rift event (Rift A) was associated with a real heat pulse as shown by the 
‘‘advanced McKenzie approach’’, yet was not strong enough to split the continent. Later, 
during the Late Jurassic/Early Cretaceous (Rift B), Iberia splits from the Grand Banks during 
an ultra-slow and long rift. This rift developed far to the east and possibly pushed against the 
passive margin and stabilized the continental crust. The heat, generated by the slow rift on the 
Grand Banks, probably dissipated on its way up through the sediments and was too low to 
leave a thermal footprint. If the Iberia rift would have been a real McKenzie-type, the Jeanne 
d’Arc basin would probably have broken apart, due to its general unstable condition at that 
time. Therefore, the Jeanne d’Arc basin can be interpreted as a failed rift, due to a stronger rift 
event during a tectonically stable time (Triassic, Rift A) and the subsequent Late Jurassic to 
Early Cretaceous ultra-slow rift during a generally instable plate tectonic phase. That means 
that the McKenzie-type rift model can be applied for the Triassic rift only and not for the 
Iberia rift. Furthermore, it has been demonstrated that lateral heat conduction during syn-rift 
phases has to be taken into account to prevent underestimating the gamma factors and the 
subsequently derived heat flow history. 
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For the Jeanne d’Arc basin this affects basically the parameters that are sensitive to 
present-day conditions. This parameter is in general the present-day temperature, which 
depends very much on the present-day HF-regime. However, additionally the vitrinite 
reflectance data are sensitive to the today HF-regime due to the fact that the deepest burial 
and hottest temperatures are reached present-day. The new ‘‘3D advanced McKenzie 
approach’’ is fast and easy to apply, and results in very helpful and precise heat flow maps, 
which can then be refined using the ‘‘heat flow calibration tool’’. This study shows that the 
tectonic subsidence maps and stretching factor maps reflect not only the general structure but 
also all important details of the Jeanne d’Arc basin, including the half-graben structure and 
the salt domes. 
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3 Basin and Petroleum Systems Modeling (BPSM) at the 
Jeanne d’Arc (JdA) Basin 
 
3.1. Introduction 
Demand for energy is growing rapidly, causing worldwide concerns over security of 
supply. Petroleum systems modeling in 4 dimensions (space + time) predict the generation, 
migration, and quality/quantity of accumulated hydrocarbons, incorporating temperature and 
pressure calculations through the entire evolution of the basin. A Petroleum Systems Model 
thus provides the only means to combine all essential elements (source, reservoir, seal and 
overburden) and processes (relative timing of trap formation, charge, critical moment, 
preservation time) to analyze the petroleum system and to reduce the exploration risk. 
  Many of these geological processes can be described with surprisingly simple 
equations and can even be calculated manually for one cell, but not for the millions of cells 
that form an entire basin including the mutual effects of neighboring cells throughout time. 
Therefore the numerical basin modeling approach is needed, which provides a reasonably fast 
and inexpensive resource assessment and is nowadays a sophisticated method to analyze how 
a petroleum system works, not only in areas of exploration but also in frontier basins to 
reconstruct detailed filling histories for a single oil field and combine the results with 
reservoir modeling or to make a prediction of where to drill.   
 
 
3.2. Basin Modeling 
The present studies show a general workflow, starting with an analysis of the rift 
processes and their impact on the heat flow history, going onwards to the petroleum system, 
and ending with a short migration and accumulation analysis. Two study areas are introduced, 
first the Jeanne d’Arc (Jeanne d’Arc) basin located 300 km offshore Newfoundland on the 
Grand Banks and then the Carson basin adjacent to the Jeanne d’Arc  basin to the South-East. 
In this particular study we used the PetroFlow 3D® license of the commercial basin analysis 
software PetroMod®10, developed by IES-Schlumberger in Aachen, Germany. The software 
enables the user to perform four-dimensional (4D), semi-automatic rift and heat flow analysis 
with a fully pvT-controlled, n-component, 3-phase, hybrid petroleum migration method 
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(Darcy and Flowpath at the same time) (Hantschel and Kauerauf, 2009). The time framework 
which controls the calculation steps is given by the deposition and erosion ages of the strata 
represented in the input model via structural depth maps. These ages are the basis for a past-
to-present deterministic forward-modeling technique, which is applied to simulate step-by-
step from the oldest event up to present-day geometry (Welte et al., 1997). All petrophysical 
or geochemical properties, which must be assigned to the layers (space between maps) 
according to their lithology (thickness between horizons, which determine discrete time steps) 
can be taken from PetroMod® internal data bases, which also provide kinetic data such as 
PhaseKinetics (di Primio and Horsfield, 2006) and fluid properties. After calibration the 
simulation results can finally be used to predict the following. 
 
 
3.3. Geology of the JdA 
The numerical model of the Jeanne d’Arc basin covers an area of around 9000 km2 and 
extends from the Adolphus well area in the north to the Cormorant and Murre well area in the 
south and from the eastern limiting Outer ridge complex to the westerly located Bonavista 
platform (Fig. 3- 1). Endogenic geodynamic processes formed a deep v-shaped basin that 
opens and plunges to the north and is filled with sediments to a depth of over 22 km. The 
initial grid size of the model is 250x250 m but was simulated with a 4x4 sampling (thus grid 
size = 1000x1000m) with respect to simulation time.  
The model is built based on 9 initial maps namely the Seabed, Base Tertiary, Petrel 
Member, Nautilus (base of Upper Cretaceous), A-Marker, B-Marker, Top of Fortune Bay 
(base of Lower Cretaceous), Tithonian Unconformity and Top of Basement (Fig. 3- 2). The 
resulting 9 initial layers are further subdivided into subunits to adjust the model to the known 
stratigraphy and to be able to take into account the lateral facies variations.  
Additionally, some extra features are implemented into the model, e.g. salt movement 
between 140 and 90 Ma in the form of a piercing salt lithology, which replaces the 
corresponding volumes of rock. Intrusions are integrated to consider the basaltic parts in the 
Argo Formation, intruded around 196 Ma. Finally, paleo-geometries are assigned to avoid a 
distorted paleo-shape of the layers close to the Egret fault system between 130 and 170 Ma. 
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Figure 3- 1: Position and extent of the study area, showing sediment thickness for the Jeanne 
d’Arc basin derived from the input geometry of the 3D numerical basin model. The white dots 
show the position of the key wells used in Figure 3- 4. The inset shows the location of the study 
area on the Grand Banks offshore 4ewfoundland, eastern Canada. Fault pattern drawn after 
Withjack and Schlische (2005). 
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Figure 3- 2: 3D numerical model of the Jeanne d'Arc Basin showing different layers with a slice 
cut away (outlined by the yellow border) to show a 2D section. The orange arrow points north. 
The major formations are indicated; they have been further subdivided in the model. The slower 
subsidence in the light blue, pink and dark green formations contrasts with the faster subsidence 
during the deposition of the brownish formations at the bottom of the model and the thick dark 
blue formations at the top. 
 
 
3.4. Geodynamic Situation at the JdA 
Thermal boundary conditions have to be elaborated based on known geological 
processes and have to be assigned through geological time for the numerical model's top and 
base. The corresponding parameters are the heat flow (HF) at the base of the model and the 
temperature at the top of the sediment succession, whether they are covered by water or 
uplifted above the sea level.  The latter parameter is called the “sediment water interface 
temperature” (SWIT) and is determined by considering the global temperature distribution 
through geological time in combination with the corresponding latitude of the North 
American plate for each time step. The obtained surface temperature through time is then 
corrected for the paleo-water-depth or paleo-rise above sea level based on a standard 
temperature depth profile (Wygrala, 1989). The paleo-water-depth can be derived from the 
facies descriptions taken from well core descriptions. 
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More complex is the reconstruction of the heat flow history through time, because it 
depends on the geodynamic situation, on the development of the crust thickness, thus on 
rifting and cooling processes. To address the crustal development of the basin the 4D 
numerical basin model has to reach all the way down to the crystalline basement. Additionally 
one needs deep reflection or refraction seismic to quantify the total present-day crustal 
thickness and some extra parameters about the crust and the asthenosphere as well as the age 
of the rift event. These data are summarized in Table 3- 1. The simulation technique applied 
to the Jeanne d’Arc basin uses a discontinuous depth dependent stretching model with two 
different stretching factors, one for the crust (beta) and one for the lithospheric mantle 
(gamma).  
 
Table 3- 1:  Rift-ages and physical properties for crust and lithosphere 
Rifting from [Ma] 230 
Rifting to [Ma] 220 
Subsidence from [Ma] 220 
Subsidence to [Ma] 0 
Expansion coefficient [K-1] 3.3e-5 crust;  
5e-5 mantle 
Conductivity [W/m/K] 3.1 
Diffusivity [m2/s] 0.804e-6 crust; 
6e-6 mantle 
Base Lithosphere Temperature 
[degree Centigrade] 
1333°C 
Density for Water [kg/m3] 1040 
Density for Crust [kg/m3] 2800 
Density for Lithospheric Mantle [kg/m3] 3300 
Initial Thickness Crust [km] ~ 42  
Present Day Thickness Crust [km] ~ 35.5  
Thickness Lithospheric Mantle [km] 95 
Radioactive Heat Production* [µW/m3] 2.5  
Half Depth Value* [m] 7000  
* = value used for the 3D model only. Radioactive heat production for 1D models are integrated 
via the lithology. 
 
 
Now an inverse McKenzie modeling approach is applied, which means that based on 
the known burial history (compiled from thickness maps and their deposition ages) the 
subsidence is reconstructed for each location in the basin by backstripping and decompacting 
the sediments. This is the so called “reconstructed subsidence” (Fig. 3- 3A). In a second step, 
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different stretching factors for each position are tested to determine the “calculated 
subsidence” (Fig. 3- 3B). This calculated subsidence has to match the reconstructed 
subsidence of the basin model for each location. The adjustment of the calculated to the 
reconstructed subsidence curve is optimized by a least-squares fitting method. In a last step 
the individual stretching factors for each location are put together in two maps, one map for 
the crust (beta-factor; Fig. 3- 3C) and a second map for the lithospheric mantle (gamma-
factor; Fig. 3- 3D). Finally, the heat flow history can be elaborated by using the stretching 
factor maps for a traditional, non-volcanic McKenzie approach to calculate heat flow maps 
for each time step with maximal heat flow values during rifting periods (Fig. 3- 3E) with an 
exponential decay of heat flow values during subsidence reaching the lowest value at present 
day  (Fig. 3- 3F; compare heat flow history through time in Fig. 3- 4)  (Baur et al., 2010; 
Hantschel and Kauerauf, 2009; Jarvis and McKenzie 1980; McKenzie 1978).  
 
 
3.5. Results Geodynamic Situation at the JdA 
Based on the heat flow modeling it was reconstructed and calibrated that one single 
active rifting event is sufficient to cause enough tectonic and thermal subsidence and to match 
the reconstructed subsidence with the calculated one for all locations in the Jeanne d’Arc 
basin (Fig. 3- 4) and to calibrate the thermal regime evaluated based on vitrinite reflectance 
data, apatite fission track data and Horner-corrected present day bottom hole temperatures 
(Baur et al., 2010) (Fig. 3- 5). Therefore it can be concluded that the Jeanne d’Arc basin, 
formed as a failed rift basin, as part of the two-stage opening scenario of the Atlantic was 
affected  by one active Late Triassic rift event and a second but probably ultra slow stretching 
period during the Late Jurassic - Early Cretaceous. This second event did not have a thermal 
impact on the tectonic or thermal subsidence or on the paleo-temperatures and maturities 
(Baur et al., 2010). 
The reconstructed and calibrated heat flow history can now be used in combination 
with measured source rock reaction kinetics and the numerical 4D model to analyze how 
much hydrocarbons were generated and how much were expelled, lost and trapped. 
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Figure 3- 3: Schematic tectonic subsidence and stretching-factor maps. A) Calculated tectonic 
subsidence for the entire basin. B) Theoretical tectonic subsidence using a discontinuous, depth 
dependent, pure shear stretching model (“advanced McKenzie model”) (Baur et al., 2010). C) 
Stretching map for the crust. D) Stretching map for the lithospheric mantle. E) Schematic heat 
flow map for the period of active rifting (230-220 Ma) and F) calibrated heat flow maps for the 
present-day situation (0Ma). 
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To do this we need more information about the source rock geochemistry, carrier bed 
and reservoir permeability and porosity, seal effectiveness and timing of trap formation to 
reconstruct a filling history for an already known oil field or to predict new plays in undrilled 
prospects. 
 
 
Figure 3- 4: Calculated (pink area) and theoretical (purple curve with black dots) tectonic 
subsidence including a Triassic rift (230-220 Ma = active rift phase marked by the vertical grey 
bar) given for six different well-locations, as derived from the 3D model. 
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Figure 3- 5: Burial- and heat flow-history as well as calculated and measured calibration data 
(GSC, 2008) for four different 1D models located at different structural settings in the Jeanne 
d’Arc basin (Baur et al., 2010). Compare white dots in Figure 3- 1 for the position. 
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3.6. Petroleum System – Source Rock at the JdA 
The only mature source rock in the Jeanne d’Arc basin is the kimmeridgian Egret 
Member, predominantly consisting of laminated, brown marls and calcareous shale as well as 
lime- and mudstone with high organic carbon content from marine planktonic organisms and 
terrigenous detritus. The total organic carbon (TOC) content ranges predominantly between 4 
and 6 wt.-% for the low-maturity samples with a hydrogen index (HI) ranging from 100 to 
610 mg HC/g TOC (Baur et al., in print). In order to set the source rock conditions to its 
initial situation to use the data as input parameters in the numerical model one has to 
recalculate them. One approach is to calculate the original HI values based on measured 
maceral composition for the source rock, applying equation1 (modified after Jarvie et al., 
2007), where a pure liptinite has an assumed original HI value of 750 mg HC/g TOC, a pure 
vitrinite sample 125 mg HC/g TOC and a dead inertinit 50 mg HC/g TOC. 
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Based on the determined original HI value (HIo) the original TOC (TOCo) can be 
calculated based on equation 2 by Peters et al. (2005). 
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F = H/C ratio of expelled HCs [fraction] 
HIx = measured HI value [mg HC/g TOC) 
TOCx = measured TOC [wt.-%] 
HIo = original HI, assumed or calculated  
f = extent of fractional conversion (Peters et al., 2005) [fraction] 
 
The averaged HIo and TOCo values can be plotted on maps for each well location, 
interpolated in between and finally assigned to the corresponding source rock layer (Fig. 3- 
6A and B). Finally the thickness of the active source rock is of prime importance to be able to 
calculate the generated masses more accurately. Based on the porosity and resistively logs for 
17 wells in the Jeanne d’Arc basin the organic richness (TOC and S2) was calculated to 
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determine the active part of the source rock (Huang et al., 1994; Magoon et al. 2005; GSC, 
2008; Fig. 3- 6A-C) 
 
 
Figure 3- 6: Input data source rock maps. A) Recalculated original TOC values based on initially 
determined original HI values shown in B). C) Thickness map derived from different initial 
thickness maps reduced by the amount of non source rock intervals within the Egret Member. 
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3.7. Petroleum System – Carrier, Reservoir, Trap Formation (JdA) 
The most important reservoir units in the Jeanne d’Arc basin are siliziclastic deposits 
dumped into the basin during periods of uplift and erosion during the Late Jurassic and Early 
Cretaceous with best reservoir porosities ranging between 15 and 25 % and permeabilities of 
up to 100 mD. The measured reservoir data can be used to adjust the default lithologies in so 
that they match the measurements. Seal units are in general of shaly composition with 
capillary entry pressures ranging between 12 and 16 MPa and permeabilities between -6.00 
and -7.50 log mD at 5 % porosity (Hantschel and Kauerauf, 2009). The first effective and 
ideally compacted seal in the Jeanne d’Arc basin above the Egret source rock was deposited 
during the latest Thitonian in the form of the Fortune shale unit, which seals the Jeanne d’Arc 
reservoir. Trap formation took place basically during the deposition of the Hibernia 
Formation, during the Berriasian (140 Ma) with a second period during the Paleocene (53 
Ma). Afterwards the general shape of the drainage areas did not change any more and the 
entire migration pattern kept constant from this time onwards (last 53 Ma).  
 
 
3.8. Petroleum System – Migration (JdA) 
To perform a quick migration analysis one can use in this particular study a reservoir 
map deriving from an age younger than 53 Ma, to analyze the general migration pattern, 
maximum and minimum column heights for accumulations with respect to the capillary entry 
pressure of the overlying seal and for different densities and phases of the accumulated fluids, 
etc. Fig. 3- 7 shows such a fast migration analysis for the Jeanne d’Arc reservoir layer of the 
Jeanne d’Arc basin using the reservoir map from the present day situation. 
This ex ante analysis helps greatly in understanding the basics of the petroleum system, 
and hence allowing adjustment of the input data to improve the full 4D simulation. Finally we 
can perform a simulation taking into account all physical and geochemical properties of the 
rocks and fluids by using Flowpath, Darcy, Invasion Percolation or a combined method to 
elaborate a complete mass balance calculation, either for the entire basin or for a single oil 
field (Baur et al., in print). 
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Figure 3- 7: Fast migration analysis on the Jeanne d’Arc reservoir map displayed in meters below 
sea level for the present day situation. The deeper you go the slimmer the basin gets. Therefore the 
Jeanne d’Arc Formation is laterally limited and does not extend as far as the top layer would 
reach. Yellow lines indicate the drainage areas, thick yellow lines with black rim show position of 
faults. Blue rays show possible flow paths and green areas display possible accumulations. 
 
 
3.9. Results Petroleum System (JdA) 
A new filling history differing from the traditional one could be determined for the 
Terra Nova oil field. The new results say that the field was not only charged by the source 
rock which underlies the prospect area directly, but was additionally charged by a kitchen area 
located between the Terra Nova and Hibernia oil fields (Baur et al., in print). This is also 
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supported by the measured results of the geochemical analysis. The development of the 
drainage areas through time and the present accumulations for the Hibernia-, Mara-, Hebron-, 
Ben Nevis and Springdale accumulations could be determined with the model very well 
whereas the high gas content in the White Rose prospect could  not be reproduced. Based on 
our 5 different elaborated PhaseKinetics for the Egret source rock we could determine 
different source rock provinces, where the western part of the source rock looks more 
heterogenous and the eastern part more homogenous. 
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4 Prediction of Reservoir Fluid Composition Using Basin and 
Petroleum Systems Modeling – A Study from the Jeanne 
d'Arc Basin, Eastern Canada. 
 
Abstract 
A petroleum system modeling (PSM) study was performed for the Jeanne d’Arc basin, 
offshore eastern Canada, to study the constraints and reliability of the reconstruction of 
petroleum reservoir filling histories. Petroleum generation and phase behavior were analyzed 
using phase-predictive compositional kinetic models (PhaseKinetics) determined by pyrolysis 
of Egret Member source rock samples. Various additional calibration data (well, rock and 
fluid data), such as porosity, permeability, temperature (bottom-hole temperature, apatite 
fission tracks, fluid inclusions), maturity (vitrinite reflectance), and petroleum properties, such 
as API, GOR, Bo (formation volume factor), and Psat were integrated into this model. 
Different charge scenarios were tested for the effects of open and closed faults in the 
carrier system to reconstruct the most likely migration pathways for the petroleum, which is 
trapped in the Terra Nova oil field. The most probable filling history includes charge to the 
reservoir from a local kitchen and a second kitchen located between Hibernia and Terra Nova 
that was responsible for the long-range migration. In the model the hydrocarbons migrate 
from this kitchen in the northwest part of the study area along pathways defined by closed 
trans-basin faults from the north into the field. This new migration concept differs from the 
traditional explanation based on geochemical measurements only (von der Dick et al., 1989), 
which infers that local generation was solely responsible for filling the Terra Nova field. The 
latter can be disproved based on a simple mass balance calculation. 
 
 
4.1. Introduction 
The Jeanne d’Arc basin is located 300 km (186.4 miles) offshore Newfoundland on the 
Grand Banks. The basin has been of major interest for the oil and gas industry since the first 
exploration activities in 1964. The Jeanne d’Arc basin extends almost 250 km (155.3 miles) 
from north to south and about 80 km (average) (49.7 miles) from east to west. It is bounded to 
4. Reservoir Composition Predictions                                                                                         . 
 
    
62 
the east and west by pre-Mesozoic rocks of the Bonavista Platform and by the Outer Ridge 
complex, respectively (Fig. 4- 1; Louden, 2002). The basin is divided by east-west trending 
faults into three subunits. In the southern part, Jurassic and Cretaceous rocks are almost 
absent and no source rock exists (Deptuck et al., 2003; Enachescu, 1992). In the central part, 
Mesozoic sediments thicken northward (Tankard et al., 1989) and in the northern part the 
sedimentary sequence is completely preserved, with a total thickness of over 20 km and with 
15 km (9.3 miles) of Mesozoic sediments alone (Deptuck et al., 2003; McAlpine, 1990).  
The principal aim of this study is to provide for the first time a three-dimensional, pvT-
controlled, multi-component, three-phase petroleum migration analysis of the Jeanne d’Arc 
basin. The objective is to explain not only the observed temperature, maturity and pressure 
regime, but also to reconstruct the major kitchen areas and migration pathways for the known 
accumulations and provide a detailed filling history for the Terra Nova (TN) field, including 
phase property reconstruction for the accumulated fluids. To achieve this objective source 
rock organofacies and kinetic variability were determined and compositional kinetic 
descriptions of hydrocarbon generation were integrated into a numerical finite element model. 
In a first step, the basin was thermally and structurally analyzed using an advanced McKenzie 
approach (Baur et al., 2010). The results show clearly that the tectonic and thermal subsidence 
as well as the measured maturities (vitrinite reflectance) and bottom-hole temperature data 
can be reproduced or calibrated by using a single Triassic heat pulse, which decayed 
exponentially to present-day heat flow values (Baur et al., 2010). 
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Figure 4- 1: Position and extent of the study area, showing the depth to top of basement for the 
Jeanne d’Arc basin derived from seismic data and used as input geometry for the 3D numerical 
model. The inset shows the location of the study area on the Grand Banks offshore 4ewfoundland, 
eastern Canada. The black-white dots show the position of the key wells where source rock 
samples were obtained. Well names and the average vitrinite reflectance of the samples are 
displayed. Fault pattern drawn after Withjack and Schlische (2005). 
 
 
 
4. Reservoir Composition Predictions                                                                                         . 
 
    
64 
4.2. Geologic Settings 
The tectonic and stratigraphic framework of the Mesozoic-Cenozoic infill in the 
Jeanne d’Arc basin was described by numerous authors (e.g., Enachescu, 1992; Grant and 
McAlpine, 1990; Tankard et al., 1989). The sedimentary fill rests upon Cambrian to 
Carboniferous crystalline basement (Figure 4- 2; Amoco, 1973). Red beds, thick evaporites, 
conglomerates, limestones, dolomites and salt were deposited during the initial Triassic 
WNW-ESE extensional rift. This was followed by very thick and fine-grained Upper Jurassic 
to Cretaceous clastic sediments with interbedded limestones (Figure 4- 2; Grant et al., 1986a; 
Tankard and Welsink, 1989; Tankard et al., 1989). During the Oxfordian and Kimmeridgian, 
the Rankin Formation was deposited, containing the 75-150 m (246-492 feet) thick Egret 
Member source rock. Different hiatus and/or unconformity events, ranging in age and spatial 
extent from the Kimmeridgian to the Albian, define the “Avalon Uplift”, a Late Jurassic - 
Early Cretaceous regional tectonic event, which eroded deeply into source- and reservoir rock 
intervals (Figure 4- 2; Swift and Williams, 1980). These uplifted regions acted as the source 
area for coarse-grained sediments including siliciclastic reservoir rocks such as the Jeanne 
d’Arc, Hibernia, Catalina, Avalon and Ben Nevis formations (Figure 4- 2; Enachescu and 
Fagan, 2005). At roughly the same time, during the Early Cretaceous, the NNE-SSW oriented 
Iberia rift system caused extension while Iberia decoupled from Newfoundland (Grant et al., 
1986a; Louden, 2002; Tankard and Welsink, 1989). This extension established orthogonal 
trans-basin faults, which are the youngest active tectonic elements affecting the basin 
(Enachescu and Fagan, 2005; Grant et al., 1986b; Hesse and Abid, 1998; Tankard et al., 
1989). Salt movement started during the Early Cretaceous and formed stratigraphic and 
structural traps (McAlpine, 1990; Tankard et al., 1989). During the Late Cretaceous, basin-
wide subsidence caused deposition of predominantly fine-grained siliciclastics and carbonates 
(Deptuck et al., 2003; Grant et al., 1986b; Swift et al., 1975; Wielens et al., 2004). As a 
consequence of high sea-level fluctuations during the Cenozoic, thick shales with interbedded 
sandstones were deposited via incised canyons at the western margin of the basin (CNLOPB, 
2004; Deptuck et al., 2003). 
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Figure 4- 2: Chronostratigraphic chart for the Jeanne d’Arc basin after Sinclair (1993). Black 
lines mark structural depth maps, which were derived from two different sources (1) regional 
depth-maps from Edwards et al. (2000) and (2) local maps from McIntyre et al. (2004) for use in 
the 3D model. 
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4.3. Petroleum System 
The Egret Member is the only mature source rock on the Grand Banks. It is of 
Kimmeridgian age (Figure 4- 2) and its thickness increases to the north along the axis of the 
Jeanne d’Arc basin (Fowler and McAlpine, 1994; Huang et al., 1994; Hubbard, 1988; 
Magoon et al., 2005; Swift and Williams, 1980; von der Dick, 1989; von der Dick et al., 
1989).  
In the eastern part of the study area the Egret Member splits into a Lower and Upper 
Kimmeridgian source rock separated by a sandstone interval (Magoon et al., 2005). The 
source rock consists of laminated brown marl and calcareous shale as well as lime and 
mudstone with high organic carbon content from marine planktonic organisms; this suggests a 
low–energy, restricted, and anoxic depositional environment (Huang et al., 1994; McAlpine, 
1990). According to Fowler and McAlpine (1994) the prolific source rock has an average total 
organic carbon (TOC) of 6 % and hydrogen index (HI) values ranging between 500 and 750 
mg HC/g TOC. Some other Upper Cretaceous potential source rocks were deposited within 
the Jeanne d´Arc basin, such as the Wyandot and the Petrel Member, but they are not mature 
enough to generate hydrocarbons (Deptuck et al., 2003; Wielens et al., 2002a).  
All important reservoir rocks were deposited during the Late Jurassic and Early 
Cretaceous (Figure 4- 2) when regional uplift in the southern part of the basin and erosion in 
the central and northern parts of the basin occurred. This caused the deposition of coarse 
sandstones starting at the end of the Jurassic with the Jeanne d’Arc Formation and ending 
with the Ben Nevis Formation of Albian age (sand deposits in Figure 4- 2). The 
corresponding average porosities range between 14 % and 20 %, with permeabilities of 
hundreds to thousands of mD (Enachescu and Fagan, 2005; Hesse and Abid, 1998; Sinclair et 
al., 1992).  
The Fortune-, Whiterose-, Nautilus- and Dawson-Shales act as cap rocks. They were 
deposited as interbedded strata with the reservoir units (Figure 4- 2) as a result of relative sea-
level changes (Cloetingh et al., 1989).  
Trap formation took place during the Early Cretaceous, according to reconstructions of 
the activity of faults (Sinclair et al., 1992). Most of the hydrocarbon plays in the Jeanne d´Arc 
basin are associated with structural traps but there are a few stratigraphic traps as well (Grant 
et al., 1986b; Magoon et al., 2005). The distribution of the largest oil fields is shown in Figure 
4- 1 and their contents are listed in Table 4- 1 (CNLOPB, 2008).  
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Table 4- 1: Oil discoveries* in the Jeanne d’Arc basin after CNLOPB 07/08 
2008 discovered location Oil Oil Gas Gas 
Grand Banks     10E
6
 m
3
 million bbls 10E
9
 m
3
 billion cu.ft. 
       
Hibernia 1979 western center 197.8 1244 50.6 1794 
Terra Nova 1984 eastern center 56.3 354 1.3 45 
Hebron 1972 central north 92.4 581 --  --  
Whiterose 1984 eastern north 48.4 305 85.3 3023 
West Ben Nevis 1984 northern center 5.7 36 --  --  
Mara 1984 northern center 3.6 23 --  --  
Ben Nevis 1980 northern center 18.1 114 12.1 429 
North Ben Nevis 1984 northern center 2.9 18 3.3 116 
Springdale 1989 central east 2.2 14 6.7 238 
Nautilus 1981   2.1 13 --  --  
              
Kings Cove 1990 central east 1.6 10 --  --  
South Tempest 1980 northern east 1.3 8 --  --  
East Rankin 1983 central west 1.1 7 --  --  
Fortune 1986 northern east 0.9 6 --  --  
South Mara 1984 northern center 0.6 4 4.1 144 
West Bonne Bay 1997 north-east-north 5.7 36 --  --  
North Dana 1982 north-east-north  -- --  13.3 472 
Trave 1983 north-east-north --  --  0.8 30 
North Amethyst 2006 north-east-north 10.8 68 8.9 315 
SUM     451.5 2841 186.4 6606 
* Recoverable volumes with an estimated recovery factor of 2.85 
 
 
 
4.4. Samples and Geochemical Methods 
Thirty-eight Egret source rock samples were collected (Table 4- 2) from nine different 
well locations (Fig. 4- 1) to perform general screening analysis and we considerable 
emphasized on developing accurate reaction kinetics of hydrocarbon generation, which have 
not yet been published before.  
Total organic carbon (TOC) determinations were performed using a LECO carbon 
analyzer RC – 412 with a special setup to quantify the TOC content directly from untreated 
carbonate-containing samples (Hölscher, 1996). This was done by measuring and calculating 
the ratio of CO2 and H2O only within the temperature interval of 100 to 450 °C (212 to 842 
°F). If the ratio is higher than 25 the carbon definitely derives from organic origin due to its 
chemical stoichiometry of CaCO3 and the low water content (Hölscher, 1996). The quality of 
the source rock samples (HI and OI [mg CO2/g TOC]) was measured using a Rock-Eval II 
instrument by DELSI with an open pyrolysis system according to the method described by 
Espitalié et al. (1977; 1984; 1985). 
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The Rock-Eval S1 and PI data in Table 4- 2 indicate contamination of five samples in 
the Whiterose and Springdale wells and probable contamination in the Terra Nova, Fortune, 
and Hibernia wells. Telltale signals of contamination are Tmax less than about 435 °C (851 °F) 
and PI or S1/TOC greater than 0.2 or 0.3, respectively (Peters, 1986). Open-system thermo-
vaporization gas-chromatography FID experiments (Horsfield et al., 1989; Jonathan et al., 
1975) confirmed the interpretation of contamination of these samples. The contaminant 
consisted of hydrocarbons having chain lengths in the range of C11 to C18. The contamination 
was removed by heating the samples to 260 °C (500 °F) in the pyrolysis oven and venting 
evolved products. 
In addition open-system pyrolysis, gas-chromatography FID (Flame Ionization 
Detector) experiments were performed on 11 selected samples to investigate the molecular 
composition of the Rock-Eval S2 peaks to determine the petroleum type organofacies. This 
was done using the workflow described in Erdmann (1999) and Horsfield et al. (1989). 
Additional non-isothermal open-system pyrolysis was performed with a Source Rock 
Analyzer by Humble Instruments® to determine bulk kinetics. Samples were heated from 300 
to 560 °C (572 to 1040 °F) using four different heating rates (0.7, 2.0, 5.0 and 15.0 °K/min.). 
The results give information about the temperature and the corresponding cumulative yield 
transformation ratio curves, which can be tuned mathematically and used to determine kinetic 
parameters, such as the activation energy distribution and the frequency factor. The 
mathematical background is published, e.g., by Schaefer et al. (1990), van Heek and Jüntgen 
(1968), Wannowius (1987) and is applied by the software Kinetics2000® and KMod®, which 
were used in this study. The kinetics were determined assuming first-order chemical reactions 
only with a discrete kinetic analysis method, a fixed E spacing distribution model, and a 
constant frequency factor.  
Based on the bulk kinetics the temperatures at which transformation ratios (TR) of 10, 
30, 50, 70 and 90 % are reached were determined for each source rock sample. Closed-system 
programmed-temperature pyrolysis was applied to investigate the compositional variability of 
evolving hydrocarbons as a function of increasing maturation (Horsfield, 1997; di Primio and 
Horsfield, 2006). The final multi-component kinetics (termed PhaseKinetics) consists of 14-
components, namely: methane, ethane, propane, i-butane, n-butane, i-pentane, n-pentane, n-
hexane, C7-C15, C16-C25, C26-C35, C36-C45, C46-C55 and C55-C80. 
The advantage of these PhaseKinetic models is that they are tuned to natural gas 
composition. The gas compositions derived from pyrolysis experiments differ significantly 
from natural gas (Mango, 1997; 2000 and 2001) as well as oil associated gas compositions (di 
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Primio and Skeie, 2004). The most prominent differences are the low methane and higher 
ethane and propane contents in pyrolysis gases (Fig. 4- 3A). Therefore, a correction of the 
MSSV generated gas composition results was performed to increase the methane 
concentration and to decrease the ethane to pentane concentrations (using a correlation of gas 
composition to GOR from natural petroleum fluids), while the measured GOR was kept 
constant (di Primio and Horsfield, 2006). This has a significant impact on the Psat (saturation 
pressure) and Bo (formation volume factor) and shifts the tuned samples into an area (see Fig. 
4- 3B) where natural fluids tend to plot. These PhaseKinetics were applied in the Jeanne 
d’Arc basin model to reconstruct the filling history for different oil fields and to predict the 
fluid properties and quantity of trapped hydrocarbons. Additionally, a secondary cracking 
definition was used, which is necessary for all kinetics based on closed pyrolysis (Dieckmann 
et al., 1998). The secondary cracking definition is based on that described by Pepper and 
Corvi (1995), but adapted to multi-component kinetic descriptions. 
 
 
Figure 4- 3: A) Molar composition of associated gases from undersaturated natural oils (shaded 
region) compared to that derived from MSSV pyrolysis (adapted from di Primio and Horsfield, 
2006), B) effect of correction of gas composition for MSSV Egret Member source rock samples. 
Only the Springdale MSSV data are shown for the untuned sample. The grey area represents the 
field of natural fluid properties. 
 
 
To be able to use LECO TOC and Rock-Eval HI data as input for a basin model it is 
necessary to determine their original values. This was done by comparing different methods, 
namely the Cooles et al. (1986) method in contrast to the Peters et al. (2005) method (Table 4- 
3).  
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We also tested a combined approach using the Peters et al. (2005) and the Jarvie et al. 
(2007) method (Table 4- 4).  
 
Table 4- 4: HI values from maceral composition and Rock-Eval pyrolysis 
 
well name 
depth [m] Maturity 
Level 
Vitrinite 
[%] 
Liptinite 
[%] 
Inertinite 
[%] 
Kerogen 
classification 
after Tissot & 
Welte 1984 
HIo Maceral  
Calculated after 
Peters et al., 2005 
[mg HC/g TOC] 
HIx Rock-Eval 
measured [mg 
HC/g TOC] 
Voyager J18 2540 m mature 7.5 65.0 27.5 T II 446 283 # 
Beothuk M-05 3370 m 
early 
mature 5.0 65.0 30.0 
T II 
444 456 
Archer K-19 3290 m immature 10.2 63.3 26.5 T II 437 449 
Archer K-19 3570 m 
early 
mature 7.9 52.6 39.5 
T II 
372 421 
Rankin M-36 2440 m immature 7.7 66.7 25.6 T II 456 485 
White Rose A-90 2890 m immature 8.3 58.3 33.3 T II 406 389 
Trave E-87 3050 m immature 7.1 71.4 21.4 T II 484 598 # 
Egret K-36 2539 m immature 64.3 7.1 28.6 T III 141 171 
Egret K-36 2630 m immature 57.1 21.4 21.4 T III 221 190 
Egret K-36 2720 m immature 61.5 23.1 15.4 T III 235 232 
Egret K-36 2813 m immature 50.0 28.6 21.4 T III 259 106 # 
Flying F. I-13 3212 m immature 37.5 12.5 50.0 T III 153 160 
Flying F. I-13 3304 m immature 31.3 37.5 31.3 T III 298 356 
Flying F. I-13 3398 m 
early 
mature 37.5 25.0 37.5 
T III 
228 235 
TN K-08 3620 m 
early 
mature 15.0 75.0 10.0 
T II 
511 435 
TN K-08 3650 m 
early 
mature 15.0 80.0 5.0 
T II 
541 530 
TN K-08 3680 m 
early 
mature 5.0 90.0 5.0 
T I 
594 601 
TN K-08 3710 m 
early 
mature 4.0 95.0 1.0 
T I 
623 487 ## 
TN K-08 3740 m mature 8.0 87.0 5.0 T I 578 462 ## 
TN K-17 3170 m immature 14.0 70.0 16.0 T II 481 463 
TN K-17 3180 m immature 16.0 67.0 17.0 T II 464 248 # 
TN K-17 3200 m 
early 
mature 17.0 65.0 18.0 
T II 
453 481 
TN K-17 3210 m 
early 
mature 21.0 53.0 26.0 
T II 
384 310 
# poor agreement between HI
o
 (maceral) and HI
x
 (Rock-Eval) for immature samples. 
## poor agreement between HI
o
 (maceral) and HI
x
 (Rock-Eval) for mature samples. 
 
 
The Jarvie et al. (2007) method is based on visual maceral composition to determine 
original HI values. We used an adapted equation 1 for our calculations.  
 











+




+




=
100
*50
100
*125
100
*750 InertiniteVitriniteLiptinite
HI
o    (1) 
Once the original HI value is known, one can proceed with the TOC calculation by the 
method of Peters et al. (2005) (eq. 2).  
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( ) ( )
( )
( ) 





+−
−
=
x
x
x
o
xx
o
TOC
HI
TOCF
f
HI
TOCHIF
TOC
1
*
       (2)  
 
F = H/C ratio of expelled HCs [fraction] 
HIx = measured HI value [mg HC/g TOC) 
TOCx = measured TOC [wt.-%] 
HIo = original HI assumed or calculated  
f = extent of fractional conversion (Peters et al., 2005) [fraction] 
 
Therefore, although no source rock variability can be taken into account with the 
Cooles et al. (1986) method, is possible with the Peters et al., (2005) or the combined Jarvie 
and Peters approach. To verify the usefullnes of the combined method 23 maceral 
composition analyses for predominantly immature samples with calculated HI values based 
on equation 1 were compared to measured Rock-Eval HI values for the same units (Table 4- 
4). The measured values show good agreement within a range of ±50 HI (mg HC/g TOC) 
compared to the calculated values, except for 4 immature and 2 mature samples (±150 HI [mg 
HC/g TOC]). This correlation suggests that the maceral calculations provide essentially the 
correct original HI values (HIo) and can therefore be used also for mature samples to better 
determine HIo values. 
 
 
4.5. *umerical Method 
The study performed using the 3D PetroFlow® package of PetroMod®, developed by 
Schlumberger in Aachen. The general approach of finite-element numerical simulations is to 
consider all relevant geochemical and geophysical processes for generation, migration and 
accumulation and to make pre-drilling predictions for hydrocarbon plays. First, backstripping 
is performed before a sequential, deterministic, forward-modeling routine is applied to 
simulate basin evolution step-by-step from the oldest event to the present-day geometry 
(Hantschel and Kauerauf, 2009). At the same time, all other parameters, e.g., temperature, 
maturity, porosity and pressure can be calculated. All petroleum flow simulations in the 
present study were performed by using the “hybrid” migration method developed by 
PetroMod®. Basics and general concepts of petroleum system modeling have been described 
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in more detail by several authors (Baur et al., 2009a; b; and 2010; Peters, 2009; Poelchau et 
al., 1997; Rodriguez and Littke, 2001; Petmecky et al., 1999; Tissot and Welte, 1984; Welte 
and Yalcin, 1987; 1988; Welte et al., 1997).  
 
 
4.6. Geochemical Results 
The measured TOC contents of the 38 Egret source rock samples are shown in Table 
4- 2. The samples reflect fair to excellent source rock quality with a dominance of type II 
kerogen (Fig. 4A-C). It is interesting to note that almost all wells contain samples that plot 
within the type III kerogen area (Fig. 4- 4B) and have extremely high TOC values (Fig. 4- 4C 
and Table 4- 2). This terrigenous influence seems to be an important characteristic of the 
Egret Member source rock. Most samples are immature or low mature (Tmax < 430 °C; < 806 
°F) and can be used to evaluate hydrocarbon generation kinetics, except for the samples from 
the Fortune G-57 and Hibernia K-18 wells (Table 4- 2). 
Eleven representative source rock samples with Tmax values below 425 °C (698.15 °F) 
were chosen to classify the kerogen and the petroleum type organofacies (Fig. 4- 5). The 
samples show that the Egret Member source rock generates paraffinic-naphthenic-aromatic 
oils with low wax contents and a slight tendency to paraffinic high wax oils (Fig. 4- 5). 
Additionally, the samples show heterogenous compositions from sulfur-rich marine to 
terrigenous-influenced coaly material (Fig. 4- 5). Five of the 11 samples, covering the entire 
geochemical spectrum, were chosen in a second step to investigate kinetic variability. The 
bulk kinetics for these samples are shown in the Appendix (Fig. 4- Ap. 1 and Table 4- Ap. 1). 
Based on kerogen variability and predicted petroleum types, it appears that in the 
southwestern part (Ranking and Egret samples) of the study area the source rock is more 
terrigenous dominated, whereas in the northeast of the basin the paleoenvironment of the 
source rock is more anoxic and sulfur-enhanced. 
The question of whether closed-system pyrolysis experiments match reality in terms of 
correct GOR prediction was analyzed using DST field data and GOR data from MSSV 
pyrolysis experiments (Fig. 4- 6A). The observed compositional variability of the liquid 
phase, expressed as GOR, ranges from 30 to over 300 Sm3/Sm3 (168.4 - 168.4 SCF/STB) and 
can be adequately reproduced by the PhaseKinetic results, ranging from 55 to over 200 
Sm3/Sm3 (3008.7 – 1122.7 SCF/STB). 
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Figure 4- 4: Quality, quantity and maturity of organic matter for all 38 source rock samples. A) 
Tmax from the Rock-Eval pyrolysis shows a linear increase with depth. Only samples with a Tmax < 
430 °C (< 703 °F) were used to determine kinetics, B) pseudo van Krevelen diagram showing 
mainly Type II kerogen with a significant contribution of Type III kerogen in the sample set, C) 
present-day source rock quality based on TOC and S2 measurements. Most samples plot within the 
“good” or “excellent” field. 
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Larter (1984)
Horsfield (1989)
Open pyrolysis-gas 
chromatography-FID 
(11 samples out of 36)
continental-deltaic lacustrine
marine
continental
carbonate lacustrine
marine
continental
marine
oxidized
Eglinton et al. (1990)
 
Figure 4- 5: Detailed geochemical analysis for 11 source rock samples used to select five 
representative samples (marked with circles) to determine bulk kinetics. Applied methods follow 
those described by Horsfield (1989), Eglinton et al. (1990) and Larter (1984). 
 
 
The cumulative generation path for closed-system pyrolysis seems to be largely valid 
for primary cracking mechanisms, whereas the two measured fluid samples marked with a 
circle, cannot be explained without an additional source for gas. Fig. 4- 6B demonstrates that 
the total GOR variability is most likely controlled by several processes including 
biodegradation (low GOR) and secondary cracking (high GOR). The vast majority of fluids 
encountered in the Jeanne d´Arc basin are, however, exclusively the product of primary 
cracking. Another important observation is that the API gravity distribution of the natural 
fluids is almost constant during primary cracking throughout a large GOR window (50 to at 
least 300 GOR or 280.7 to 1684.1 SCF/STB; Fig. 4- 6B). Within this window the API 
increases only by 5 degrees on average.  
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Figure 4- 6: A) Comparison between natural GOR data from 105 drill stem test (DST) samples 
from throughout the Jeanne d’Arc basin (black squares) and predicted GOR evolution derived 
from MSSV measurements (black triangles at higher temperatures representing source rock 
conditions of generation). Curved lines at lower temperatures represent bubble and dew point 
curves for the basin. Bent arrow represent evolution pathway for cumulative compositional 
evolution, B) natural data set from the Jeanne d’Arc basin showing the relationship between API 
gravity and GOR. Box shows the products from primary cracking processes. Low GORs can be 
generally attributed to biodegradation; higher GORs most likely represent effects of secondary 
cracking. 4ote that the original primary cracking process produces fluids with a very narrow 
distribution of API gravity. The linear relation between GOR and API of primary generated 
hydrocarbons over secondary cracking products down to biodegraded oils (Evans et al., 1971 - 
dotted short line) is not represented in the Jeanne d’Arc basin. 
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4.7. 3D Model Input 
The most important 3D input data are subsurface structural maps derived from seismic 
data. Two different sources were used and combined: (1) regional depth-maps from Edwards 
et al. (2000) with an initial resolution of 1 km covering the entire basin and including the 
adjacent basement highs, and (2) local maps in high resolution (250 m or 820.2 feet) for the 
central part of the basin derived from five modern, interpreted 3D seismic surveys (McIntyre 
et al., 2004). These local maps were depth-converted, based on interval velocity maps from 
the literature (McIntyre, 1992) and check-shot data (GSC, 2008). In a last step, the local and 
regional maps were combined to create a total of nine individual maps: Seabed, Base Tertiary, 
Petrel Member, Nautilus (base of Upper Cretaceous), A-Marker, B-Marker, Top of Fortune 
Bay (base of Lower Cretaceous), Tithonian Unconformity (Top of source rock), Top of 
Basement (Fig. 4- 2). The resulting eight layers were subdivided into 35 subunits to account 
for depositional ages (Fig. 4- 2) and rates, basin stratigraphy, and lateral lithofacies changes. 
Maps below the Egret source rock layer were reduced to four simple layers to reduce the 
number of events and simulation time. 
Additional features were integrated, such as salt piercing for the Adolphus well area. 
This tool replaces the old lithologies by salt for each layer separately at the corresponding 
time. In addition, paleo-geometries were implemented (additional thickness at a certain time 
step was inserted and later removed) to avoid distorted geometries due to the movements 
along the active fault systems (Baur et al., 2010). 
All boundary conditions like paleo water depth (PWD), sediment-water interface 
temperature (SWIT) and heat flow (HF) were defined by maps for each time step in the 3D 
model. PWD maps were reconstructed based on paleo-environment information developed 
from core interpretations (the basin was always deeper in the north and shallower in the south, 
as today), SWIT was determined considering the global temperature distribution through time 
and corrected for the PWD depth based on a standard temperature depth profile by Wygrala 
(1989). The cooling effect of the Labrador Current was taken into account for the present-day 
situation. Finally, the HF maps were taken from Baur et al. (2010). 
Facies maps were kept as simple as possible and compiled from detailed lithological 
descriptions, available for every well in the Jeanne d’Arc basin (GSC, 2008; CNLOPB, 
2004). 
The positions of major faults, which control the general pressure regime in the basin, were 
determined based on seismic interpretations and the topography of structural depth maps.  
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The geochemical quality and thickness of the active part of the source rock were 
evaluated with the help of results taken from Huang et al. (1993), who computed the organic 
richness (TOC and S2) and distribution of source potential from porosity- and resistivity-logs 
for 17 wells in the Jeanne d’Arc basin. Huang et al. (1993) determined the percentage of non-
source rock intervals to range between 15 to over 60 % of the entire Egret Member. We 
defined the basin-wide non-source rock unit to have an average value of 35 %. The original 
thickness maps were derived from Fowler and McAlpine (1994), Huang et al. (1994), 
Magoon et al. (2005), and from G. Power (pers. comm.). Vitrinite reflectance data, Horner-
corrected bottom-hole temperatures, porosity- and permeability measurements (GSC, 2008), 
as well as some specific petroleum parameters like API, GOR, Psat (saturation pressure) and 
Bo (formation volume factor) (CNLOPB, 2004; G. Power, pers. comm.) were used as 
calibration parameters. 
 
 
4.8. Faults, Drainage Area, Generation, Migration and Accumulation in 
the Jeanne d’Arc Basin 
4.8.1. Faults and Overpressure 
The Jeanne d’Arc basin can be subdivided from north to south into three major parts, 
separated by two different fault systems; the Egret Faults and Hibernia to Ben Nevis faults, 
also called Trans-Basin faults (Fig. 4- 7). Only the middle and northern part of the basin 
contain active petroleum systems due to the lack of a source rock in the southern part. The 
fact that the northern part is predominantly overpressured, whereas in the southern part almost 
all wells show hydrostatic pressure (Wielens and Jauer, 2001), indicates that at least the E-W 
trending Trans-Basin faults have acted as impermeable boundaries during basin evolution. 
The numerical model of the Jeanne d’Arc basin reproduces this simplified pressure 
distribution only by including the major faults, separating the northern and central part 
(Trans-Basin and Egret-faults) from each other and separating the basin from the surrounding 
horst structures like Bonavista Platform and Outer Ridge Complex (Mercury, Murre and 
Voyager-Fault) to maintain the overpressure (Fig. 4- 7). This indicates that the layers forming 
the reservoirs in the basin center are not in connection with the same startigraphic layers 
deposited on the basement highs. They must be separated either by tight lithologies or by 
impermeable faults or by lateral pinch outs. The faults in the model extend vertically from the 
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base of the Egret source rock to the top of the Whiterose layer. All layers above that level lack 
or have insignificant overpressure. To induce overpressure within the Hibernia layer an 
additional low permeable, shaly mid-Hibernia layer was implemented into the model, 
separating the lower from the upper Hibernia sandstone. Vertical pressure profiles at most 
well positions can be matched using this fault and layer configuration (Fig. 4- 8) except for 
Whiterose, where the resolution of the structural depth maps cannot reproduce the complex 
compartmentalization properly.  
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Figure 4- 7: Shape and distribution of drainage areas for the Jeanne d’Arc reservoir layer A) 
present-day and B) 52 Ma before present. White lines represent closed faults, which were used in 
the model to separate the major pressure provinces from each other (local faults used in the oil 
fields are not drawn). 
 
 
4.8.2. Structural Trap Development and Drainage Area 
The first step for the migration analysis is to study the drainage area development 
through time as well as main phases of structural trap development. In the Jeanne d’Arc basin 
model, the main structures were formed during the earliest Cretaceous when the Hibernia 
sediments were deposited. A second period of trap formation took place during the Late 
Paleocene (52 Ma) forming mainly stratigraphic traps. Both periods of trap formation are in 
agreement with the information summarized by Magoon et al. (2005).  
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Figure 4- 8: Examples of model calibration (pressure, porosity, temperature, maturity) shown for 
two well locations. Grey and black crosses used for maturity indicate different editors. Grey 
crosses used for temperatures are not corrected bottom hole temperature measurements (BHT), 
whereas the black crosses indicate Horner corrected values. Hollow up Triangles at the pressure 
plots show pressure data derived from mudloggers report (MLR), Hollow down Triangles show 
pressure values derived from repeat formation tester (RFT), circles represent formation leak-off 
pressure tests (FLOT) and the plus indicates drill stem tests (DST). Porosity data derive from core 
measurements. 
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Since the Late Paleocene (52 Ma) the entire basin was buried with an increased 
sedimentation rate slightly higher in the north compared to the south due to the movement of 
the Orphan Knoll during the Cenozoic (Enachescu, 1992). However, in general, drainage 
areas of the main structural closures did not change significantly since that time. Thus, 
migration pathways stayed almost constant as well. This can be nicely reproduced by the 
numerical model if you compare the extent and shape of the drainage areas for the top of the 
Jeanne d’Arc reservoir in Figure 4- 7.  
 
4.8.3. Generation, Migration and Accumulation in the Jeanne d’Arc Basin 
The basic parameters to analyze a petroleum system are the transformation ratio for 
the source rock (%TR_all) and the possible migration pathways from the pod of active source 
rock to the trap based on structural depth maps. Figure 4- 9A and B show the transformation 
ratio within the present-day drainage areas for the Jeanne d’Arc and Hibernia reservoirs with 
the main migration pathways and directions, including the names of the most important oil 
fields. 
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Figure 4- 9: Present-day Egret Member source rock transformation ratio with carrier formation 
drainage areas and the main migration directions as overlays. Figure A shows the drainage areas 
for the Jeanne d’Arc reservoir, Figure B shows the drainage areas for the Hibernia reservoir. Red 
dot marks the deepest point of each reservoir layer. 
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The Hibernia Field, located in the eastern part of the study area, represents the biggest 
oil field in the Jeanne d’Arc basin. It is controlled by NW-SE faulting and folding causing 
half-graben and role-over structures acting as hydrocarbon traps. The field is complex due to 
the formation of stacked reservoir compartments. Most have moderate, while some have 
strong overpressure associated with undercompacted sediments, which was reproduced in the 
numerical model in a simplified manner by a general overpressure controlling the entire 
northern part of the model (Fig. 4- 8). Porosity, temperature and vitrinite reflectance was also 
calibrated to available well data (Fig. 4- 8).  
Hibernia’s temperature, transformation ratio and generation history according to 
Baur’s et al. (2010) heat flow development, is shown in Figure 4- 10A. A detailed volumetric 
filling history for the Hibernia oil field is shown in Figure 4- 10B, which represents 31 % of 
the total present-day trapped amount. The first petroleum in the Hibernia catchment area was 
generated around 136 Ma. But the first significant accumulation occurred after 100 Ma. The 
trapped fluids undergo significant maturation starting with a GOR of below 116 Sm3/Sm3 
(651.2 SCF/STB) and ending with GOR over 160 Sm3/Sm3 (898.2 SCF/STB). The API 
develops according to the increase of maturation from high to lower densities. The stacked 
reservoir pattern found in nature can also be reproduced within the numerical model by 
accumulations in the lower and upper Hibernia formation and the Catalina, Ben Nevis and 
Avalon formations. The model also predicts hydrocarbons in the Jeanne d’Arc formation, 
which is not in agreement with known accumulation.  
The shape and size of the catchment areas draining into the Hibernia oil filed are 
shown in Figure 4- 9B for the Hibernia reservoir. The larger main drainage areas are 
separated by NW-SE trending faults surrounded by some smaller drainage areas, which all 
spill into the central catchment. To the south the catchment area is limited by the Trans-Basin-
Fault to the west by the Murre fault and to the east the catchment area does not extend beyond 
the Mara well location. 
The total volume of the present-day accumulated petroleum at the Hibernia field (all 
reservoir layers) in the numerical model is around 20 % higher than that observed in nature. 
This can be attributed to overestimates of porositity in the model (most of the calibration data 
were derived from locations where porosities are optimal). Furthermore, all of the net 
reservoir thicknesses might be overestimated owing to the merging of separate reservoir units 
into one layer to reduce the number of simulation events and because no adequate reservoir 
geometries for the Hibernia field were available. 
 
4. Reservoir Composition Predictions                                                                                         . 
 
 
    
84 
 
Figure 4- 10: A) Time extraction for a representative cell (1 km
2
) of the Egret source rock 
underlying the main drainage area of the Hibernia oil field. B) Volumetric development through 
geological time for one accumulation out of the Hibernia field representing 31 % of the total 
accumulated volume. In addition GOR and API are shown for selected timesteps. 
 
 
The model of the Mara oil field, located to the southwest of the center of the basin, 
reproduces the amount of accumulated hydrocarbons (±10 %) found in the natural system. 
Hydrocarbons are trapped in the Jeanne d’Arc-, Hibernia and Ben Nevis formations. The 
temperature, transformation ratio and generation history for the deeper buried and earlier 
generating part of the source rock is shown in Figure 4- 11A. The source rock was deeply 
buried and started to generate at 135 Ma. About 75 Ma ago this part of the source rock 
reached a transformation of 100 %, whereas in the shallower part of Mara’s catchment area 
generation continues until present-day. The first significant accumulation based on the 
numerical simulation occurred around 130 Ma and reached its maximum volume at 65 Ma. 
The fluids feeding this petroleum system derived from the depositional center of the 
corresponding layer (Jeanne d’Arc), 1800 m to the northeast.  After 65 Ma the closure became 
smaller and petroleum spilled into the neighboring drainage system of Hibernia. This 
migration pattern from the deepest point of the layer along Mara oil field into the marginal 
located Hibernia field is still active today (compare Fig. 4- 9). 
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Figure 4- 11: A) Time extraction for an early generating cell (1 km
2
) out of the source rock 
underlying the main drainage area of the Mara oil field area. B) Volumetric development through 
geological time for one accumulation out of the Whiterose field representing > 80 % of the total 
accumulated volume. The predicted amount of gas and oil does not match field obersvations. 
 
 
 
The Whiterose oil and gas field to the northwest of the center of the basin is fault-
bounded and structurally separated by north-south trending faults from neighboring reservoirs 
(Enachescu and Fagan, 2005; Issler, 1994; Magoon et al., 2005). The field contains high gas 
contents, which was only barely reproduced by the model. The predicted oil volume is 25 % 
higher than the natural amount and the predicted gas represents only a few percent. Figure 4- 
11B shows the Ben Nevis reservoir through time, which represents around 66 % of the total 
trapped volume at the Whiterose field. One reason for the misfit in predicted volumes is that 
most of the gas leaked through the seal or leaked due to improper structures. The second 
reason is that hydrocarbons were probably affected more strongly by secondary cracking 
effects than predicted by the model. Apparently either the oil was cracked at lower 
temperatures than expected or an additional source of gas is required. Predicting secondary 
cracking is still challenging. 
The Hebron and Ben Nevis oil fields are located in the south-central part of the basin 
and are typical fault-bounded accumulations with stacked reservoirs filled by breakthrough 
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caused by cap rock failure and direct fill at the same horizon (Rogers and Yassir, 1993; 
Shimeld and Moir, 2001). This is nicely reproduced by the numerical model. API and GOR 
values are within the observed range of the oil accumulations and become lower with 
shallower depths of the reservoir. The predicted Jeanne d’Arc reservoir fluids have API of 34° 
and a GOR of 180 (1010.5 SCF/STB) with field data showing an API of 33°. The modeled 
Hibernia reservoir shows exactly the same API as observed in nature (29° API). The 
shallowest Ben Nevis reservoir is affected by biodegradation (API of 20), which is not taken 
into account in the simulation, but its initial gravity is predicted by the model to be 29° API. 
The volumes are not precisely reproduced, but are within ±13 %.  
Figure 4- 6b (already discussed in section 6) shows that the GOR for primary cracking 
is more variable within the entire Jeanne d’Arc basin, but that the API varies only little. The 
predictions derived from numerical simulations are much more accurate for the GOR (smaller 
percentage deviation) compared to the API. This means it is more difficult to predict API and 
that GOR predictions are more reliable by using numerical models in combination with 
PhaseKinetics. 
 
 
4.9. Petroleum System of the Terra *ova Oil Field 
The Terra Nova oil field is the northward plunging asymmetrical broken crest of an 
anticline. This anticline was probably induced by movement of deep-lying salt bodies. The 
structure developed during the Early Cretaceous based on fault interpretations. Faults die out 
in the Early Cretaceous and do not penetrate Upper Cretaceous horizons (Fig. 4- 12). 
Significant discoveries have been made in the Central Graben and in the East Flank, whereas 
in the Far East there are only two smaller accumulations; one in the north and a biodegraded 
accumulation in the south (Fig. 4- 12). All of these accumulations occur in the clastic Jeanne 
d’Arc reservoir and are separated from each other by faults. The Terra Nova oil field 
compartments have slightly different oil-water contact depths showing that at least some of 
the compartments are not in communication (Yassir and Rogers, 1994). 
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Figure 4- 12: Map of Terra 4ova oil field (top) shows location of dry and oil-bearing exploration 
wells and oil accumulations (after Parnell et al., 2001). The basic distribution of reservoir and 
non-reservoir litho facies is shown. Black lines indicate the position of closed faults. Cross section 
(bottom) through the Terra 4ova Field shows major stratigraphic units and the vertical extent of 
faults (after Parnell et al., 2001). 
 
 
 
It is surprising that no hydrocarbons were found in the West Flank although the north-
south trending fault separating the West Flank from the Graben is impermeable. The losses of 
hydrocarbons may be due to the fact that the reservoir horizon continues southward in the 
western part and changes into a braided river complex with highly variable and permeable 
channel structures (Enachescu, 1993; G. Power, pers. comm.). However, south of the Graben, 
West Flank and Far East, the reservoir unit pinches out and changes into an alluvial fan 
system (G. Power, 2008, pers. comm.) fed by sediments from the exposed margin of the 
basin. Therefore, the Terra Nova field is a combined stratigraphic-structural trap with 
thickening reservoir units to the north and west, whereas the alluvial fan of shaly composition 
becomes thicker to the south and east (Fig. 4- 12). The hydrocarbons in the West Flank can 
thus migrate up-dip to escape from the structure, whereas in the east the fluids are 
stratigraphically trapped. All individual units of reservoirs found in the Terra Nova field were 
merged into one thick layer in the model (B Sand = 10 m; C1 Sand = 10-20 m; LC2 Sand = 
4. Reservoir Composition Predictions                                                                                         . 
 
 
    
88 
30-40 m; UC2a Sand = 20-40 m; UC2c Sand = 10-20 m; Dcongl = 1-5 m; Da Sand = 10 m; 
Dc Sand = 30 m). 
Different scenarios were tested using the numerical model in an attempt to reproduce 
the known hydrocarbon distribution, but most of them were unsuccessful. Leaving the 
northerly WNW-ESE trending fault open, which separates the Terra Nova field from the 
Hebron field (compare Fig. 4- 9A and 4- 12 for locations), results in too small accumulations 
in the Hebron field and an overcharged and incorrect composition of oil in the Terra Nova 
area. An open north-south trending fault, separating the Graben and the West Flank, results in 
a very small Terra Nova accumulation only at the position of the East Flank due to the 
absence of a barrier for the hydrocarbons trapped in the Graben (compare Fig. 4- 9A and 4- 
12 for locations).  
 
 
4.10. Mass Balance Calculation for the Terra *ova Oil Field 
Mass balance calculation is a useful method to compare the amount of generated and 
expelled hydrocarbons with volumes that reached the trap. A detailed volumetric analysis can 
help to understand and reconstruct migration pathways, possible kitchen areas and different 
charge scenarios, thus creating a detailed filling history. This method has not been applied to 
the Jeanne d’Arc basin or to the Terra Nova oil field prior to this work.  
In a first step, the volumes of hydrocarbons that could have been generated from the 
source rock, which directly underlies the Terra Nova field, were calculated. The idea based on 
old geochemical investigations (G. Power, 2008, pers. comm.) assumes that the Terra Nova 
field was isolated by faults in the geological past and therefore no hydrocarbons could reach 
the reservoir from outside this area. The remaining local kitchen area was believed to be the 
sole source of the petroleum trapped in the Terra Nova field. Therefore, the Terra Nova 
kinetic model (see Fig. 4- Ap. 1 and Table 4- Ap. 1) was assigned to the source rock and a 
simulation was run for an area of interest (AOI) covering only the Terra Nova prospect. The 
AOI has a size of 85 km2 (32.8 miles2), with an average source rock thickness of 150 m 
(492.1 feet), an average maturity equivalent of 0.64 % random vitrinite reflectance (%VRr) 
and a transformation ratio of 17 %. Based on these parameters it is possible to calculate that 
688 MMbbls were generated from the Egret Member source rock (see Table 4- 5, which 
summarizes the field and model benchmark data). However, it is assumed that some 
hydrocarbons (14 % of the total) were retained within the source rock, due to adsorption 
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(kerogen specific – we used the Symington mode described as “alternative adsorption model” 
in Hantschel and Kauerauf, 2009, p. 187) and critical saturation during primary migration 
(lithology specific). An additional 1 % is lost during secondary migration. This value is 
extremely low because the reservoir directly overlies the source rock, thus the migration 
distance is very short.  
 
Table 4- 5: Benchmark data for in-situ generation for Terra Nova oil field 
Kinetics TN T-IIS sulfur-rich 
Drainage Area 85* km2 
Average SR thickness 150* m 
Average SR maturity 
(%VRr) 0.64 %Ro 
Average SR TR 17 % 
   
Generated Volumes in 
the AOI model 688 MMbbls 
Critical Saturation, 
Adsorption within SR 
14 % 
Losses (Sec. Migration) 1 % 
Leakage 40 % 
Accumulated (relative) 45 % 
Accumulated 
(quantitative) 311 MMbbls 
GOR 115* m3/m3 
   
Reserves (proven) 
~
1000 MMbbls 
GOR 138* m3/m3 
API 32 ° Gravity 
* see text for U.S. units 
SR = source rock  %VRr = vitrinite reflectance 
TR = transformation ratio       GOR = gas-oil ratio 
 
 
However, the greatest amount of hydrocarbons is lost by leakage because of an 
inefficient sealing cap rock. Additionally, large volumes of hydrocarbons were generated very 
early based on the model due to thermally labile kerogen (Fig. 4- 13). In total our model 
predicts trapping of 311 MMbbls of petroleum (= 45 % of the initially generated fluids), 
which is extremely efficient, but still not enough to account for the 1000 MMbbls found in the 
Terra Nova field (Table 4- 5). Even if we assume 100 % trapping efficiency (688 MMbbls) 
the total trapped fluids are not enough. A sensitivity analysis showed that whatever kinetics 
were used (Whiterose or Ranking kinetics - compare Fig. 4- Ap. 1 and Table 4- Ap. 1) the 
total volume of petroleum in the trap is still too small. In addition to the volumes of 
hydrocarbons, the predicted GOR of the accumulated fluids in Terra Nova using the Terra 
Nova kinetics does not match the natural GOR. Measured Terra Nova fluids have an average 
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GOR of 138 Sm3/Sm3 (842.1 SCF/STB) and an API of 32° whereas in the local kitchen model 
the GOR is somewhat lower, reaching only 105 Sm3/Sm3 (617.5 SCF/STB) and the API is 28. 
Also, the application of two other kinetic models (Whiterose and Rankin kinetics) did not 
reproduce the correct GORs and APIs. Therefore, we conclude that the Terra Nova oil field 
was charged by locally generated hydrocarbons, but received additional petroleum from 
outside the modeled AOI. To determine the origin of these additional hydrocarbons, different 
charge models were tested using the 3D numerical model. 
 
 
Figure 4- 13: Time extraction for a representative cell (1 km
2
) of the source rock underlying the 
Terra 4ova oil field. 
 
 
The first charge model (Fig. 4- 14) attempted to fill the Terra Nova field through in-
situ generation and a kitchen located north of the trans-basin fault system (Fig. 4- 14). Fill-
and-spill across the faults transfers hydrocarbons from the deep kitchen into the shallower oil 
field to the south (Fig. 4- 14). The major problem with this model is that the trans-basin faults 
must to act as migration barriers for the hydrocarbons, because large volumes are trapped in 
the Hebron and Ben Nevis oil field. The volumes trapped can be reproduced by the numerical 
model only when the basin faults are closed from the Late Cretaceous onward. The closed 
faults are also needed as pressure boundaries to separate the overpressured north from the 
hydrostatic South. Realizing a fill-and-spill mechanism earlier than the Late Cretaceous is 
impossible due to an inefficient seal at that early time. Working with semi-permeable faults it 
is possible to force an extra charge into the Terra Nova field, but this still leads to very low 
volumes and an incorrect GOR. Therefore, the fill-and-spill mechanism across the faults does 
not appear to be appropriate to reproduce the filling history of the Terra Nova field. 
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Figure 4- 14: Map of the major tectonic elements in the Jeanne d’Arc basin (left); fault pattern 
drawn after Withjack and Schlische (2005). The likely kitchen area is shown north of the Trans-
Basin fault system (transparent grey rectangle) where we tested migration pathways across the 
faults into the Terra 4ova oil field (dark grey polygon) along the black arrows. The fill-and-spill 
mechanism and the breakthrough theory with semi-permeable faults are drawn schematically 
(right). 
 
 
The second attempt (Fig. 4- 15) to fill the Terra Nova field adequately assumes an 
extra charge from a kitchen located to the northwest of the Terra Nova field, in the direction 
of the Hibernia drainage area. But the drainage area responsible for this extra charge is 
located south of the trans-basin fault system (compare Jeanne d’Arc drainage areas in Figure 
4- 7A and B, 4- 9A and 15). Migration occurs along the now closed EW trending Trans-Basin 
fault to the southeast into the Terra Nova field. Figure 4- 15 shows a cutout of the full model 
including the corresponding ray traces simulated for the highly permeable Jeanne d’Arc 
reservoir layer derived from a 3D numerical model performed using the hybrid simulator. 
This applies the flowpath method to all lithologies that have permeability higher than 2 log 
mD at 30 % porosity and full Darcy calculations to all less permeable lithologies. Using this 
scenario of an additional kitchen area in the northeast it is possible for the first time to 
adequately reconstruct APIs, GORs, Psat and Bo for the Terra Nova fluids. These results are 
supported by a hierarchical cluster analysis dendrogram for oil families based on biomarker 
and stable carbon isotope ratios (Magoon et al., 2005), which shows a close genetic 
relationship between oils accumulated at Hibernia, Terra Nova and Mara oil fields.  
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Figure 4- 15: Overview map (upper left) shows fault pattern drawn after Withjack and Schlische 
(2005). Topographic map (left) shows the Egret Member transformation ratio as an overlay with 
the principal migration pathways along the closed trans-basin faults from a kitchen located in the 
northwest towards the Terra 4ova oil field. Cutout of a migration model (right) shows well 
locations, closed faults (brown and dark green vertical barriers), kitchen area (transparent grey 
half circle), oil accumulations (green areas) and migration pathways (green ray traces). The red 
frame emphasizes that Hibernia and Terra 4ova oils are within one group (cluster diagram is 
from Magoon et al., 2005). 
 
 
However, Hebron, North Ben Nevis and Whiterose oils belong to a different oil family 
(for location see Fig. 4- 9). This information supports our migration-pathway model and 
inferred filling history for the Terra Nova field. This charge model leads to a volumetric 
balance, which is shown in Figure 4- 16. The predicted present-day volume, GOR and API 
(Fig. 4- 16) are consistent with field data. Furthermore, the numerical model predicts a Bo 
(formation volume factor) of 1.35 m3/Sm3 and a Psat (saturation pressure) of 190 bar for 
reservoir temperatures of 92 °C (197.6 °F) and a reservoir pressure of 37 MPa. Measured field 
data show a Bo of 1.4 m
3/Sm3 and Ps values around 225 bar. Thus, the fit is good although the 
saturation pressures are 15 % off. 
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Figure 4- 16: Predicted evolution of trapped volume, API and GOR for the Terra 4ova 
accumulation. Due to a change in the geometry during the last 55 Ma the structure became 
steeper and the column height increased leading to seal failure. Accordingly the trapped volume 
decreases. 
 
 
4.11. Conclusion 
This first published reconstruction of the petroleum system for the entire Jeanne d´Arc 
basin based on 3D numerical modeling provides a step forward toward a basic understanding 
of basin evolution and petroleum accumulation. Application of new reaction kinetic data for 
the Egret Member source rock (bulk, multi-component and PhaseKinetics, including 
secondary cracking) allows modeling of petroleum generation with a high level of confidence. 
The 3D model allowed reconstruction of the filling history of the Terra Nova oil field with 
respect to fluid quality and quantity as well as charge timing. The general filling history has 
also been reconstructed also for several other known oil fields in the Jeanne d’Arc basin. 
Based on geochemical investigations, it was established that the Egret Member source 
rock is more heterogeneous than previously considered, leading to variability in source rock 
properties and generated petroleum types throughout the basin. In the southwestern part of the 
basin the Egret Member is more terrigenous dominated, whereas in the northeast the source 
rock is more marine and enriched in sulfur. The Terra Nova oil field was charged by a local 
Egret Member source rock underlying the field and by an Egret Member source rock from a 
kitchen area located in the northwest, but south of the trans-basin fault-system. This latter 
charge implies longer migration distances for the generated petroleum. PhaseKinetics allowed 
a very good reconstruction of the reservoir fluids in terms of API, GOR as well as Psat and Bo 
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especially for the Terra Nova field. Hydrocarbons at Hibernia originate from a local kitchen in 
addition to charge by fill-and-spill mechanisms from the center of the basin along the Mara oil 
field into the Hibernia oil field.  
An important discrepancy between model results and reality was observed for the 
Whiterose field, i.e., much more gas is accumulated than predicted by our model. This is most 
probably because of different secondary cracking behavior of the Egret source rock in that 
area and due to the lack of detailed fault maps that separate the individual compartments and 
the Whiterose field from the neighboring basement high. Most of the gas is lost by leakage 
and spill out of the model. 
Hebron and Ben Nevis fields were filled straight from the basin center and the local 
kitchen area. 
An additional new observation is that the API gravity of trapped fluids in the Jeanne 
d’Arc basin seems to be almost constant instead of showing a linear relation with the GOR. 
The linear relation observed for other basins by several authors in the past always included 
fluid samples affected by secondary processes, such as biodegradation and secondary 
cracking. In the Jeanne d’Arc basin traps were filled both cumulatively and instantaneously, 
which indicates that both processes (cumulative and instantaneous filling) result in almost 
constant API values. This leads to the conclusion that during the primary generation of oil and 
gas the bulk composition of the fluids remains roughly constant. 
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4.12. Appendix 
 
 
Figure 4- Ap. 1: Figures B-F shows the five PhaseKinetics with frequency factor and activation 
energy distribution. Figure A shows the generation of petroleum for geological heating rates (3 
°C/Ma). Rankin contains the most stable kerogen, whereas Whiterose and Egret start to generate 
very early. Terra 4ova generates within a small temperature interval similar to Springdale, but at 
slightly lower temperatures. The Terra 4ova and Springdale samples indicate a homogeneous 
source rock composition albeit with a more stable kerogen compared to Springdale and 
Whiterose. The most stable kerogen is represented by a sample from the Rankin well as expected 
from the Ea distribution. 
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5 Hydrocarbon Mass Balance Calculation for Different 
Migration Methods in the Jeanne d’Arc Basin 
 
Abstract 
Accurate estimates of hydrocarbon volumes during generation, migration and 
accumulation are still challenging, even when applying latest technologies to quantify 
petroleum volumes and composition. This paper discusses the influence of different migration 
techniques (flowpath, Darcy, hybrid and invasion percolation) on a basin-wide mass balance 
calculation (MBC) for a temperature- and pressure-calibrated, numerical four-dimensional 
basin model of the Jeanne d’Arc basin. The basin is well investigated, so that the model 
predictions can be verified against measured data. It can be concluded that a pure Darcy 
migration is not sufficient to reproduce the processes in the basin and that hybrid or flowpath 
are the most efficient and precise migration methods to predict correct volumes and 
composition. Invasion percolation gives similar results to the hybrid approach. Additionally, it 
turned out that the applied adsorption model does not adequately reproduce the natural 
behavior of source rocks (SR) and therefore a revised approach was applied in which the 
adsorption capacity is reduced with increasing maturity. 
 
 
5.1. Introduction 
An integrated approach such as basin and petroleum systems modeling (BPSM) 
provides sophisticated methods to analyze migration concepts and pathways, which can be 
applied not only in mature but also in frontier basins (Rodriguez and Littke, 2001). To 
describe transport processes through a porous medium physical and chemical parameters such 
as critical saturations for water, oil and gas, relative permeabilities (expressed through 
mobility factors = permeability/viscosity) and different adsorption factors do affect the 
calculation for pore volume saturation. Additionally combining modern PhaseKinetics (di 
Primio and Horsfield, 2006), which describe the compositional evolution of the petroleum 
generated and expelled, with state-of-the-art migration methods such as map-based ray 
tracing, equation of state (EOS) based Darcy flow and inversion percolation, seem to be able 
to predict the amount of oil in place and to model petroleum composition and phase behavior 
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during hydrocarbon generation (di Primio and Horsfield, 2006; Pepper and Corvi, 1995), 
primary and secondary migration, and accumulation. GOR, API, saturation pressure (Psat) and 
formation volume factor (Bo) are some of the basic parameters used to calibrate a model, 
inferring its fluid’s phase behavior and predicting accurate volumes in place. 
The question is which of the physical and chemical parameters affect the generation, 
migration and accumulation history including correct mass balance calculations (MBC) most? 
Therefore this study compares different migration techniques in combination with the 
PhaseKinetic approach to test, which technique is best suited to predict petroleum quantities 
and quality in a basin wide numerical model?  
While Darcy flow considers all relevant physical driving forces, such as pressure, 
temperature and pvT, it requires long computer processing times. Flowpath migration (also 
called ray tracing) is an entirely buoyancy-driven migration method, which allows extremely 
fast, high-resolution modeling; however, it requires an arbitrary definition of seal/carrier and 
represents an incomplete physical model. Hybrid migration (Hantschel et al. 2000) represents 
a mixture of both Darcy and flowpath migration, combining the good and minimizing the 
negative effects of each individual method. With invasion percolation (IP), flow is largely 
controlled by the capillary threshold pressure in individual cells (lithology and fault 
parameters) in the model. It calculates generally very fast, yet slows down in 3D-models or 
with multiple component kinetics. 
To test and quantify the MBC for a petroleum system, one ideally needs a confined 
basin, charged by a single mature source rock (SR), which provides the lowest possible 
degrees of freedom. Furthermore, the basin should be very well explored and all information 
should be accessible. The Jeanne d’Arc basin, located offshore Newfoundland in Canada, 
meets all these requirements. The basin was formed in the Late Triassic as a failed rift basin, 
during the Atlantic opening process. It is a v-shaped basin deepening to the north that is filled 
with sediments to a depth of over 20 km. Evaporites were formed during the initial rifting, 
limestones and fine-grained clastic rocks were deposited during a quiet Early Jurassic period, 
and coarse grained clastic rocks interbedded with shales were accumulated during a second 
extensional phase during Late Jurassic and Cretaceous. During this time (the Kimmeridgian) 
the Egret Member source rock was deposited (Fowler and McAlpine, 1994; Huang et al., 
1994; Hubbard, 1988; Magoon et al., 2005; Swift and Williams, 1980; von der Dick, 1989; 
von der Dick et al., 1989).  
The Jeanne d’Arc basin contains three major accumulations: (1) The Hibernia oilfield 
is a structural play situated in a half-graben, where the individual compartments show 
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moderate to high overpressures; (2) the Terra Nova field is controlled by laterally changing 
facies and faulted compartments, evident from slightly different oil-water contact depths; and 
(3) the Whiterose oil and gas field is fault-bounded. Including several additional but smaller 
accumulations, the Jeanne d’Arc basin contains more than 8000 MMbbls of oil in place and 
almost 200 billion m3 of gas.  
Due to the well known-geology and the quantity and quality of accessible data 
(through the Canada-Newfoundland and Labrador Offshore Petroleum Board = CNLOPB and 
the Geological Survey of Canada Atlantic = GSC-A), the basin is ideal to test and quantify the 
petroleum systems modeling approach, by varying kinetic- and adsorption models, migration 
methods and other important parameters, such as residual saturation, petroleum mobility 
factor or capillary entry pressures and to study their impact on the MBC and their influence 
on the quality of accumulated reservoir fluids.  
 
 
5.2. The *umerical Model and the Petroleum System of the Jeanne d’Arc 
Basin 
The numerical model of the Jeanne d’Arc basin covers an area of 9000 km2 and 
extends from the Adolphus well area in the north to the Cormorant and Murre well area in the 
south, and from the eastern limiting Outer ridge complex to the westerly Bonavista platform 
(Fig. 5- 1). Endogenic geodynamic processes formed a deep v-shaped basin that opens and 
plunges to the north and is filled with sediments to a depth of over 20 km. The initial grid size 
of the model is 250x250 m, but to keep simulation times reasonable, simulations were 
performed with a 4x4 grid sampling (final simulation grid size = 1000x1000 m). The model is 
built based on nine initial structural depth maps,  the Seabed, Base Tertiary, Petrel Member, 
Nautilus (base of Upper Cretaceous), A-Marker, B-Marker, Top of Fortune Bay (base of 
Lower Cretaceous), Tithonian Unconformity and Top of Basement (Baur et al., 2010; 
Sinclair, 1993). The resulting 10 initial layers were further divided into subunits to represent 
the known stratigraphy and to take lateral facies variations into account. Facies distribution 
maps were defined based on well data from 63 exploration wells. Additionally, extra features 
are implemented into the model, such as salt movement between 140 and 90 Ma by means of 
a piercing salt lithology, which replaces the corresponding volumes of rock. Igneous 
intrusions were integrated to consider the basaltic layers in the Argo Formation that intruded 
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around 196 Ma. Finally, paleo-geometries were assigned to avoid a distorted paleo-shape of 
the layers close to the Egret fault system between 130 and 170 Ma. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5- 1: Position and extent of the study area, showing the distribution and transformation 
ratio of the Egret Member derived from the 3D simulated Jeanne d’Arc model. The insert shows 
the location of the study area on the Grand Banks offshore 4ewfoundland, eastern Canada. Fault 
pattern was drawn after Withjack and Schlische (2005). 
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The only mature source rock (SR) in the Jeanne d’Arc basin is the Kimmeridgian Egret 
Member, predominantly consisting of laminated, brown marls and calcareous shale, as well as 
lime- and mudstone with high organic carbon content from marine planktonic organisms and 
terrigenous detritus (Fowler and McAlpine, 1994; Huang et al., 1994; Hubbard, 1988; 
Magoon et al., 2005; Swift and Williams, 1980; von der Dick, 1989; von der Dick et al., 
1989). The total organic carbon (TOC) content ranges predominantly between 4 and 6 wt.-% 
for the low-maturity samples, with a hydrogen index (HI) ranging from 100 to 610 mg HC/g 
TOC (Baur et al., 2009b). The thermal evolution of the basin was calibrated against available 
vitrinite reflectance data using an advanced McKenzie model (Baur et al., 2010). 38 source 
rock samples were collected, screened for TOC/Rock Eval and characterized with respect to 
their type organofacies by pyrolysis gas chromatography (PyGC). Finally, five representative 
samples were selected for the PhaseKinetic approach (di Primio and Horsfield, 2006). Each 
kinetic model (one of them is called Springdale) comprises 14 individual components, which 
are “flashed” (put to surface conditions) during simulation to the prevailing PT-conditions in 
the model, thus characterizing and predicting the physical properties of the generated fluids 
such as GOR and API during secondary migration and accumulation. Additionally, secondary 
cracking kinetics inside and outside the source rock were taken into account.  All results were 
compared to results of 128 drill stem tests (DST) in reservoirs in the Jeanne d’Arc basin (Baur 
et al., in print). 
The most important reservoir units in the Jeanne d’Arc basin are siliciclastic rocks 
deposited during periods of uplift and erosion during the Late Jurassic and Early Cretaceous 
with reservoir porosities ranging between 15 and 25 % and permeabilities of up to 2 mD 
(Enachescu and Fagan, 2005; Hesse and Abid, 1998; McAlpine 1990; Sinclair et al., 1992). 
The measured reservoir data can be used to adjust the default model lithologies to actual data. 
Seal rocks are in general shaly with capillary entry pressures ranging between 12 and 16 MPa 
and permeabilities between -6.00 and -7.50 log mD (9.8692*10-19 m2 and 4.9345*10-21 m2 ) 
at 5  % porosity (Hantschel and Kauerauf, 2009). The first effective and ideally compacted 
seal in the Jeanne d’Arc basin above the Egret SR, the Fortune Shale, was deposited during 
the latest Thitonian. It seals the Jeanne d’Arc reservoir (McAlpine 1990). Trap formation took 
place mainly during the deposition of the Hibernia Formation, during the Berriasian (140 Ma) 
with a second period during the Paleocene (53 Ma) (Magoon et al., 2005). Afterwards, the 
general shape of the drainage areas was stable and the general migration pattern was constant 
from thereon (Baur et al., in print).  
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The model presented in this paper was calibrated carefully in terms of maturity, porosity 
and pressure. Additionally, the accumulations have been calibrated against GOR and partly 
against API (Baur et al., in print).  The numerical model covers the entire Jeanne d’Arc basin 
and takes into account all petroleum elements controlling the petroleum system and the 
relevant processes. Therefore it is possible to perform MBCs for the entire confined basin and 
to verify and quantify processes, which are used to calculate amounts of generated, expelled, 
lost and accumulated hydrocarbons (HCs).  
This study presents the first fully-integrated basin-wide numerical basin and petroleum 
systems modeling (BPSM) study to quantify and qualify MBCs based on various migration 
methods in the Jeanne d’Arc basin.  
 
 
5.3. Workflow 
PetroMod® v10 (SP1 Patch 3) developed by the Schlumberger® PetroMod® Group in 
Aachen was used as the modeling tool for all simulations. As a starting point, the hybrid 
simulated and calibrated model described in Baur et al. (in print) was used. A detailed 
description of input data and modeling techniques can be found in Baur et al., in print. 
The migration technique was changed to flowpath, Darcy and invasion percolation 
(IP), respectively. Simulations were performed, and the results/output analyzed. Finally, the 
different migration models were calibrated against the Terra Nova (TN) fluids, quality and 
quantity, as the reference system. After this new calibration, the predicted composition and 
volumes of all oil fields in the numerical model were compared to actual data in the Jeanne 
d’Arc basin. By applying this work-flow, it is possible to test the predictive capability of the 
integrated finite-element petroleum systems modeling technique including PhaseKinetics and 
MBCs. The fact that the heat flow history, geometry and all physical properties of the 
lithologies were intensely studied and calibrated in Baur et al., 2010 and Baur et al., in print 
allowed to presume those parameters to be fixed except for the seal capillary entry pressure. 
Parameters effecting fluid properties were changed in the subsequent migration 
models. These include: chemical reaction kinetics for primary and secondary cracking, 
equation of state and petroleum mobility factor, parameters affecting the migration methods 
itself such as adsorption, critical saturation and noise for the invasion percolation migration 
method (noise is the artificial and random change of capillary pressure for invasion 
percolation to cause a natural migration pattern). 
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5.4. Basic Mass Balance Calculation 
Figure 5- 2 gives an overview of the MBCs derived from the four different migration 
models for the Jeanne d’Arc basin. The amount of generated hydrocarbons (HCs) is set to 100 
% and all other volumes listed in the table refer to these 100 % for comparison.  However, the 
average conversion of kerogen to oil and gas in the entire Jeanne d’Arc basin is 67 % for all 
migration techniques. 
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Figure 5- 2: Mass balance calculation (MBC) for all four different migration methods before 
applying a new adsorption model. Mass balance calculation (MBC) for all four different migration 
methods after applying the new adsorption model. 
 
 
Volumes accumulated in the SR of the models are surprisingly small, around 1 %, and 
volumes expelled are around 99 %. The accumulation efficiency (how much of the expelled 
hydrocarbons have been trapped) ranges in the numerical model between 4.5 % and 6.0 % for 
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hybrid flowpath and IP, depending on the migration method, but is around 40 % for the Darcy 
method. Losses during migration in the models are very similar for all migration methods (0.2 
and 0.5 %) except for the Darcy approach, where it is almost 7 %. This is very low compared 
to the amounts, which are probably lost in a natural system. Outflow losses in the models 
have been calculated to be around 90 % for most of the migration models, while the Darcy 
model lost only 50 % due to its high accumulation efficiency. In general, it can be said that 
flowpath, hybrid and IP yield similar results, while the Darcy method breaks ranks. The 
question is whether or not this is a natural process or a simulation artifact. To answer those 
questions and to understand the results, it is useful to have a closer look at the actual 
migration methods and the models. 
 
 
5.5. Technique, Results and Discussion – Hybrid (initially calibrated model) 
The hybrid model is the initially calibrated migration model, which was used as a basis 
for the other migration methods and represents therefore starting point for the study and is 
presented here at first. 
After the general reconstruction with the hybrid approach of the filling pattern for the 
entire Jeanne d’Arc basin described in Baur et al., in print, the actual fine tuning for the Terra 
Nova oil filed was done by changing two parameters, the secondary cracking behavior of the 
petroleum fluids inside and outside the source and the capillary entry pressure of the 
overlying seal. To simplify the model, we used the Springdale kinetic (Table 5- 1)  (Baur et 
al., in print) for the entire model, with a secondary cracking scheme following a Gaussian 
normal distribution for the initial ratios (fractions) between 57 and 63 kcal/mol for the lightest 
pseudo component (PK_10 = 57 – 63 kcal/mol). The activation energy distribution for the 
secondary cracking is shifted by 1 kcal/mol to lower values for each heavier pseudo 
component (PK_20 = 56 – 62 kcal/mol; PK_30 = 55 – 61 kcal/mol …), similar to those 
suggested by Schenk et al., 1997. From a numerical point of view, the hybrid approach is a 
mixture of flowpath and Darcy migration and was developed to combine best physical 
approaches (Darcy) with accelerated simulation speed (flowpath), while retaining physical 
correctness (Hantschel et al., 2000). Therefore, the entire model is subdivided into domains 
(domain splitting) with high or low permeabilities, whereby in high permeability strata the 
flowpath concept is applied while in the low permeable strata the Darcy approach is used. The 
idea is that in low-permeable lithologies the migration velocity is controlled by the pressure 
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gradient only, whereas in the high permeability strata buoyancy is the driving migration factor 
(Hantschel and Kauerauf 2009). The explicit threshold to switch from flowpath to Darcy is 
user-defined with a default setting of 2 log mD at 30 % (9.8692*10-11 m2) porosity of the 
corresponding lithology. All lithologies with higher permeabilities are reservoir or carrier 
rocks. 
 
Table 5- 1: Benchmark Springdale kinetic data, a 14 component PhaseKinetic for Egret Member source rock 
used in the presented models. 
Inert Carbon = 1% Methane Ethane Propane i-Butane n-Butane i-Pentane n-Pentane n-Hexane PK_10 PK_20 PK_30 PK_40 PK_50 PK_60
HI Ratio 34.24 9.11 10.91 2.92 6.28 2.97 3.56 27.61 133.15 118 69.34 36.62 18.26 14.03 mgHC/gTOC
Sorption 0 0 0 0 0 0 0 0 0 0 0 0 0 0 g/gKerC
Frequency Factor 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 2.63E+27 my-1
Ea = Activation 
Energy HI Sum TRall%
42 0.02 0.01 0.01 0.00 0.01 0.00 0.00 0.03 0.15 0.14 0.08 0.05 0.02 0.02 0.55 0.11
43 0.07 0.02 0.03 0.01 0.02 0.01 0.01 0.09 0.53 0.50 0.29 0.17 0.08 0.06 2.44 0.50
44 0.06 0.01 0.02 0.01 0.01 0.01 0.01 0.07 0.40 0.38 0.22 0.13 0.06 0.05 3.89 0.80
45 0.15 0.04 0.06 0.03 0.04 0.02 0.03 0.19 1.09 1.03 0.61 0.35 0.17 0.13 7.82 1.61
46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.82 1.61
47 0.36 0.09 0.13 0.06 0.09 0.05 0.06 0.44 2.55 2.41 1.41 0.81 0.40 0.31 17.00 3.49
48 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.04 0.25 0.24 0.14 0.08 0.04 0.03 17.89 3.67
49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.89 3.67
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.89 3.67
51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.89 3.67
52 7.92 2.24 2.89 0.94 1.75 0.96 1.15 8.84 43.58 45.65 26.83 19.10 9.53 9.36 198.63 40.79
53 5.88 1.60 2.01 0.51 1.23 0.58 0.70 5.40 30.39 22.95 13.49 4.75 2.37 1.05 291.54 59.86
54 10.34 2.67 3.01 0.71 1.64 0.70 0.83 6.56 28.40 23.42 13.76 5.86 2.92 1.59 393.94 80.89
55 4.66 1.20 1.36 0.32 0.74 0.31 0.38 2.95 12.80 10.56 6.20 2.64 1.32 0.72 440.09 90.37
56 2.44 0.63 0.71 0.17 0.39 0.16 0.20 1.55 6.70 5.52 3.24 1.38 0.69 0.37 464.23 95.33
57 1.35 0.35 0.39 0.09 0.21 0.09 0.11 0.86 3.71 3.06 1.80 0.77 0.38 0.21 477.61 98.07
58 0.68 0.17 0.20 0.05 0.11 0.05 0.05 0.43 1.85 1.53 0.90 0.38 0.19 0.10 484.30 99.44
59 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 484.30 99.44
60 0.06 0.01 0.02 0.00 0.01 0.00 0.00 0.04 0.16 0.13 0.08 0.03 0.02 0.01 484.87 99.56
61 0.03 0.01 0.01 0.00 0.01 0.00 0.00 0.02 0.09 0.08 0.04 0.02 0.01 0.01 485.20 99.63
62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 485.20 99.63
63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 485.20 99.63
64 0.18 0.05 0.05 0.01 0.03 0.01 0.01 0.12 0.50 0.41 0.24 0.10 0.05 0.03 487.00 100.00
34.24 9.11 10.91 2.92 6.28 2.97 3.56 27.61 133.15 118.00 69.34 36.62 18.26 14.03 487.00
components stay in liquid phasecomponents stay in gas phase
 
 
The so called “Symington adsorption model” was chosen (described as alternative 
adsorption model in Hantschel and Kauerauf, 2009) and the Peng Robinson equation of state 
(EOS) (Danesh, 2003) selected. The critical/residual oil saturation ranges between 0.1 % for 
sandstones and 5 % for organic rich shales. Gas is assumed to leave no residual saturation.  
With these settings, the Terra Nova oil field (reference system) holds 1050 MMbbls of 
liquid hydrocarbons and 30780 Mm3 of gas (both flashed to surface conditions). The modeled 
Terra Nova API of 32 corresponds to the mean value measured in that oil field. The GOR of 
138 Sm3/Sm3 was calibrated to fit the mean measured value by changing the capillary entry 
pressure of the overlying seal. After finishing the calibration of the reference system (the 
Terra Nova oil field) with the hybrid method, a general MBC for the entire Jeanne d’Arc 
basin including all accumulations can be established (Fig. 5- 2). 
Figure 5- 3 shows the accumulation distribution for the different migration approaches 
after calibrating the reference system. The quality of prediction in terms of GOR after 
calibrating the reference system is very good and within a range of ± 70 Sm3/Sm3 GOR for 
the measured reservoirs (Fig. 5- 4). However, measured field API values scatter across a wide 
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range, whereas the simulated values are all very close to 35° API, with no real correlation to 
the measured values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                See next page for legend please. 
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Figure 5- 3: Accumulation distribution pattern for the hybrid, flowpath, Darcy and the invasion 
percolation migration method. 4ote that both hybrid and flowpath show lots of small artificial 
accumulations in the south. The pure Darcy approach causes unrealistically large accumulations. 
The figure shows isobodies for saturations between 40 and 100 % saturation. The volume of 
hydrocarbons trapped in the IP model appears smallest but is in fact largest due to many non-
detectable micro-accumulations. 
 
Invasion Percolation
Oil & Gas 10 km
Darcy
10 km
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5.6. Technique, Results and Discussion – Flowpath (Ray Tracing) 
The flowpath method is based on domain splitting in the same way as the hybrid is, but 
hydrocarbons are shifted instantaneously through the permeable layers with a certain amount 
of loss calculated based on properties and thickness of the crossed carrier bed (Hantschel and 
Kauerauf, 2009). The flowpath migration is one of the simplest methods to simulate migration 
in porous media and is applied to high-permeability domains in the model under the 
assumption that the pressure regime is hydrostatic (Welte et al., 2000). The force acting on 
petroleum in this domain is buoyancy, caused by the density difference with water, driving 
migration vertically upwards towards the overlying seal (Hantschel et al., 2000). In the natural 
system secondary migration depends on the relative permeability of the carrier and the 
viscosity of the flowing medium, and is entirely controlled by the expulsion rates of the SR 
(Caruthers, 2003; England et al., 1987; Hantschel and Kauerauf 2009; Schowalter, 1979; 
Vayssaire, in prep.).  
Consequently, flowpath migration is not simulated as “real flow” but petroleum is 
“shifted” to the top of reservoir instantaneously, instead of taking pressure driven processes 
into account. After reaching the reservoir-seal-interface, all the petroleum within one drainage 
area migrates up-dip along the topography to the highest point. After an accumulation has 
been formed, break-through occurs when the buoyancy exceeds the capillary entry pressure of 
the overlying seal (Hantschel and Kauerauf, 2010).  
The advantage of this method lies in the high geometrical accuracy of the modeled 
accumulations (size, distribution, column heights) and the extremely fast computation time. 
However, lateral pressure gradients exceeding the hydrostatic pressure gradients are not 
modeled accurately during the ray-tracing method. This includes elements that typically cause 
abnormal pressures such as salt bodies, sealing faults, fault compartments or high 
sedimentation rates. 
Low overpressure in the northern part of the Jeanne d’Arc basin and hydrostatic 
pressure in the southern part (Baur et al., in print) have no impact on the general migration 
pattern. Therefore, the general MBC is very similar compared to the Darcy migration 
calculation. The graphs showing GOR and API values demonstrate a good fit of predicted to 
measured values (Fig. 5- 4). However, low measured API values (< 25) reflecting 
biodegradation, are not accounted for in the model. Thus, the calculated API fails to match the 
lowest API values. 
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Figure 5- 4: Plot for three out of the four different migration methods, plotting predicted APIs and 
GORs from the numerical model against actual measured data. Field API data below 25° 
underwent degradation and GOR values above 1000 are influenced by secondary cracking 
processes (compare Fig. 6b in Baur et al., in print). Dashed lines show ideal correlation, solid 
lines show actual correlation between measured field data and modeled data. 
 
 
For technical reasons flash calculations are performed in shorter time intervals during a 
hybrid simulation than in the flowpath method (Hantschel and Kauerauf, 2009). This means 
the hybrid method represents a higher timing resolution than the Flowpath approach. Due to 
this fact the reservoir fluids calculated with the flowpath method and flashed to surface 
conditions are not always updated to actual pvT conditions. In the case a fluid is moving 
rapidly from great depths to shallower reservoirs the fluid might still represent higher gas 
contents from higher pressure regimes from greater depths compared to equilibrated fluids. 
Close to the present days situation a numerical model gets more precise due to more 
geological information integrated via more intermediate time steps. This causes a postponed 
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equilibration of those fast moving gas rich fluids, which can finally result in higher gas 
contents at the present day situation. This explains why gas phases occur more often in a 
flowpath simulation than in a hybrid simulation (Fig. 5- 3).  
After a first simulation the reference system showed too high GORs and APIs. 
Therefore the reference system (Terra Nova oil field) was calibrated by using decreased seal 
capacities. This induced break-through processes in the past to get rid of the excess gas and 
lowered not only the general volume of trapped hydrocarbons but caused also lower GORs 
and APIs. This assumed theory is supported by the saturation pressures of the Terra Nova 
fluids showing a fixed decrease compared to the formation pressure, representing most likely 
a paleo lithological pressure, which was maintained by degassing or break-through processes 
of lighter hydrocarbons during that time (Fig. 5- 5). 
 
 
Figure 5- 5: Pressure conditions for the Terra 4ova oil field, the reference system for the Jeanne 
d’Arc model. Triangles show in-situ reservoir pressure measurements by repeat formation tester 
(RFT) at hydrostatic level. Squares show under-saturated reservoir fluids with saturation 
pressures below the actual pressure regime. The reservoir saturation pressures showing the same 
gradient as the hydrostatic pressure indicates an adjustment in the past at shallower depths. 
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5.7. Technique, Results and Discussion - Darcy 
The Darcy method is from the physical point of view the only technique, which 
considers all driving forces that influence petroleum migration, like intrinsic and relative 
permeability, viscosity, density, capillary pressure and pore pressure (Hantschel and 
Kauerauf, 2009).  
Buoyancy is handled in the same way as for flowpath, but is part of the general 
petroleum potential. If more than one phase is flowing in a porous medium, capillary pressure 
effects occur and are calculated based on the wetting properties and the interfacial tension. 
Water is assumed always to be the wetting phase in basin analysis. From the relative 
permeability in combination with the viscosity of the fluid, the mobility factor can be deduced 
(Littmann, 2009). Overpressure is calculated as a function of load, converted into effective 
stress, and a compaction model provides porosity and thickness. Once the overpressure is 
known, the pressure equation is solved using a numerical finite-element solver (Baur et al., 
2009a). 
The fact that the calculated pressure potential could consider all relevant processes, 
which affect the pressure regime, e.g. disequilibrium compaction, tectonic compression, 
aquathermal expansion, hydrocarbon generation, mineral conversion/diagenesis and 
cementation, could make it the best physical approach for simulating petroleum migration, but 
also the most complex approach from a performance point of view, resulting in long 
computation times. The biggest advantage is the constant equilibration of all migrating 
hydrocarbons to the actual pvT conditions for each time step due to a high timing resolution 
of applying an EOS. A disadvantage is that the Darcy approach needs a distinct pressure 
gradient to work properly, which does not exist in ideal reservoirs. 
Pure Darcy migration method, where the Darcy law is applied to all lithologies, is the 
only approach, which gives significantly different results compared to all other tested 
migration methods. As expected, the general mass of generated hydrocarbons is roughly the 
same. However, the amount of retained HCs in the SR is highest with 1.5 % (Fig. 5- 2). The 
explanation for this is that no flowpath layer directly overlaying a Darcy layer “sucks” HCs 
out of it, which ultimately increases retention. Very conspicuous for the Darcy approach are 
the amounts of “accumulated HCs in the reservoir” and the amounts of “losses during 
migration”. Both values are comparably high. Possible explanations are: (1) Migration losses 
are high because the grid resolution is coarse and saturations are calculated for the entire 
volume of a given coarse Darcy cell. In reality, not the entire volume of a cell would be 
assumed as a migration pathway but distinct flowpaths or so-called “stringers” are used in 
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flow transport processes. This increases the remaining volumes in the model significantly. It 
is also the reason why the losses for IP simulations are normally smaller, because of the 
relatively small size of the actual IP cells used as a migration pathway. Flowpath migration is 
even independent of grid size and thus represents the smallest possible residual saturations if 
not defined by the user. (2) Most HCs stay at the deepest reservoir horizon just above the SR. 
The fluid get “stuck” there due to the absence of a proper vertical pressure gradient, which 
triggers the Darcy flow. Due to these pronounced residual saturations, pure Darcy migration 
fails to calibrate the observed accumulation pattern in the Jeanne d’Arc basin, even when 
input parameters such as petroleum mobility factor, EOS and different reaction kinetics were 
varied. The simulated accumulation pattern generally showed very few but large 
accumulations (Fig. 5- 3). The relatively large size of the modeled accumulations is also due 
to the fact that a redistribution of hydrocarbons caused by fill and spill is not realized by 
Darcy migration.  
A consequence of the high accumulation efficiency and the low losses is less outflow 
particularly at the top of the model due to the limited vertical movement of the hydrocarbons. 
In general, horizontal movement is preferred over a vertical movement in a Darcy driven 
migration model. 
 
 
5.8. Technique, Results and Discussion – Invasion Percolation (IP) 
Invasion percolation assumes that the natural invasion of petroleum through a porous 
medium takes place because of buoyancy and that the counterforce is capillary pressure. It 
maps the threshold pressure of each cell to an occupation probability (Wilkinson and 
Willemsen, 1983; Carruthers, 2003). 
Migration velocity is assumed to be controlled predominantly by the expulsion rates of 
the SR (Carruthers, 2003). Viscosity seems to be insignificant, as shown by England et al., 
1987 utilizing capillary numbers. In addition, at geological conditions, flow rates are so low 
that the migration is controlled by capillary forces only and that the viscous effect can be 
neglected (England et al., 1987; Carruthers, 2003). The disadvantage of the invasion 
percolation approach is that the migration and invading process is calculated for each IP cell 
instantaneously as soon as its corresponding capillary threshold value is exceeded. That 
means that IP cells can have only two saturations,  100 % or 0 % and that the perceived cell 
saturation for the model grid depends on how many IP cells belong to one coarse grid cell (we 
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used a subdivision by 4x4x4 = 64 IP cells = 1 grid cell). Due to this instantaneous invasion, as 
soon as the capillary pressure of an IP cell is exceeded, migration timing is not taken into 
account. This means that the velocity of migration depends entirely on the expulsion rates of 
the SR only, which results in migration pulses. To avoid artificial-looking migration patterns, 
anisotropy is introduced as variation of the capillary entry pressure for each IP cell. 
Otherwise, the capillary entry pressure would stay constant for the entire volume of a given 
lithology, which would cause a straight-upwards and linear movement of the petroleum. 
Migration heterogeneity is realized in form of vertical capillary entry pressure variations 
within geologically reasonable values.  
The basics of the invasion percolation method were published by Carruthers 2003; 
Chandler et al., 1982; Broadbent and Hammersley, 1957 and Wilkinson and Willemsen 1983. 
In general, the IP method, when using the recommended subdivision of 64 IP cells per 
Darcy cell, is characterized by a shorter simulation time as compared to the hybrid method, 
but needs so much random access memory, that the very latest hardware technology is 
needed. 
The results of the invasion percolation approach differ slightly from the flowpath and 
hybrid simulations, yet are not much different from the results of the pure Darcy simulation. 
Compared to the flowpath and hybrid runs, the accumulation efficiency is slightly higher with 
~ 6 %, but lower in comparison to the pure Darcy approach where the accumulation 
efficiency reaches 41 % (Fig. 5- 2).  
The higher accumulation efficiency in the IP run (~ 1 % higher compared to hybrid 
and flowpath – Fig. 5- 2) leads to more than twice the amount of accumulated HCs as 
compared to what is proven in the basin today. This is caused by numerous micro 
accumulations (Hantschel and Kauerauf, 2009), especially in the south of the basin, and two 
larger accumulations, one in the north close to the Adolphus salt dome and one at the West 
flank of the basin (Fig. 5- 3). The southern micro accumulations are caused by a low 
anisotropy of the “noise” yet could not be avoided even with higher values. This area could 
also be a potential area for future drilling due to higher saturations. 
The volume and composition, especially of stacked accumulations caused by break-
through processes, are generally very different from those in the flowpath/hybrid models. A 
discrepancy with underemphasized leakage rates in IP simulations or overemphasized leakage 
rates in flowpath/hybrid simulations seems to be the explanation. In fact, the IP approach 
offers high grid resolution but low timing resolution compared to the Darcy method 
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(Hantschel and Kauerauf, 2009), so that time related leakage rates are treated differently as 
compared to the hybrid and Darcy method. 
The general API and GOR calibration of the reference system is not as good as for the 
other approaches (flowpath and hybrid) and was performed using basically the settings of the 
flowpath model with decreased seal capacities and an additional shift of activation energies 
for the secondary cracking scheme up to higher values. Otherwise, the simulated GORs and 
APIs would have been too low. The predictive capacity for the fluid composition is fairly 
good for both GOR and API (Fig. 5- 4), even though the quality plot for API shows a basic 
underestimation of API values.  
 
 
5.9. Retained Amounts within the Egret Member Source Rock 
Comparing the pure numbers of the MBC against what is found in nature, one will find 
discrepancies, especially in terms of volumes retained in the SR. From different analyzed 
samples, including our own samples, and calculations of the original values of TOC and HI, it 
is possible to calculate the expulsion efficiency (EF) (Baur et al., in print; Leythaeuser et al., 
1988 and 1995; Littke, 1993; Peters et al., 2005; Rullkötter et al., 1988; Cooles et al., 1986). 
These calculations can be performed using standard Rock Eval and Leco measurements and 
show that for low maturity SRs the expulsion efficiency (EF) for liquid hydrocarbons is 
around 60 % and for high maturity SRs around 90 %, due to adsorption phenomena taking 
place on the kerogen (Fig. 5- 6). This means that at least 10 % of generated HCs in the liquid 
phase will be retained within the SR. Gas has much higher expulsion efficiency but it is not 
zero. Hydrocarbon retention within the SR predicted by the models ranges between 0.6 and 
1.5 % of the initial generated HCs and is thus underestimated.  
The present study presents an improved approach how to calculate more reasonable 
amounts of retained hydrocarbons. The general approach was to divide the source rock into 
different pseudo facies, to allow for different kinetic assignment with different adsorption 
behavior, via an adsorption factor, which is defined for all individual components generated 
by the applied kinetic. This was done to be able to emulate a changing adsorption behavior of 
the source rock with maturation (Fig. 5- 6). But first the concept is presented theoretically. 
If one would perform kerogen to oil and gas conversion in a laboratory, it would be 
possible under idealized conditions to generate 1200 mg hydrocarbons out of 1gram of pure 
organic carbon if we would have an unlimited hydrogen pool accessible. This leads to an 
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averaged conversion factor of 0.8333 (Cooles et al., 1986). This average conversion factor is 
lower for immature source rocks and changes with maturation to higher values due to changes 
in the composition of generated hydrocarbons. All following calculations will be done in the 
so called HI system, the system of already converted kerogen into the hydrocarbon system 
with a conversion factor of 0.8333, to avoid multiple conversion calculations between the 
carbon (kerogen) and hydrocarbon system. 
 
 
Figure 5- 6: Maturity–expulsion efficiency–trend based on literature data from several source 
rocks around the world. The dashed line shows the general correlation. Boxes surrounding the 
dashed line mark intervals (according to the oil generation level) to which certain properties in 
terms of adsorption behavior were assigned.  Values in the boxes refer to expulsion efficiency 
(compare Table 5- 2). 
 
 
The initial HI value for the Egret Member is calculated as 487 mgHC/gTOC based on 
the Springdale samples and kinetic data (Table 5- 1) (compare Baur et al., in print). Because 
there are several limiting factors or compounds for the conversion, e.g. the hydrogen supply, 
we can divide the carbon in the kerogen into an initial active carbon (487 HI) and the initial 
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inert carbon (713 HI) which together form the theoretically initial total carbon (1200 HI). 
After maturation increased and conversion started, the initial active carbon is reduced due to 
conversion to hydrocarbons (487 – X = Y). The remaining active carbon (= Y) still 
contributes to the remaining total carbon, composed now of the initial inert carbon (= 713 HI) 
and the remaining active carbon (= Y). This total remaining carbon has to have an adsorption 
capacity, which is high enough to adsorb the already generated hydrocarbons to a certain 
degree, 40 % for low mature SR and 10 % for high mature SR (Fig. 5- 6). The ratio of 
713/487 = 1.46 (expressed as percentage = 146 %) is used as an initial value for the inert 
carbon as compared to the initial active carbon.  
As an example it can be calculated that a SR with a transformation ratio of 60 % has 
already used 60 % of its theoretical maximum potential. This means 60 % of 487 would have 
had converted, which amounts to an HI of 292. The remaining active carbon is 487 – 292 = 
195 and inert + remaining active carbon is 713 + 195 = 908 mgHC/gTOC, which can 
contribute to the adsorption. However the 292 mgHC/gTOC (1200 – 908 = 292 = Z) can not.  
Additionally, at 60 % transformation ratio, the Egret SR has a maturity of 0.9 %VRr 
which is due to the Egret Member SR specific correlation from the Jeanne d’Arc basin (Fig. 
5- 7) and is equal to an expulsion efficiency of 80 % (Fig. 5- 6). This links the Egret Member 
specific transformation ratio with the Egret Member specific expulsion efficiency, 
summarized in Figure 5- 6. 
 
 
Figure 5- 7: Maturity transformation ratio plot derived from the Egret source rock specific 
Springdale kinetic (Table 5- 1) applied to the Jeanne d’Arc basin. 
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That means that only 20 % of the generated hydrocarbons are retained (Z = 292 * 0.2 = 
80 % >>> retained HCs = 58,4 mgHC/gTOC). In terms of adsorption capacity, this results in 
58.4 mgHC/gTOC divided by 908 mgHC/gTOC = 0.064, which is the general adsorption 
factor. Due to 14 components generated by the applied kinetic (Springdale PhaseKinetic), 
where six components normally stay in the liquid phase the general sorption factor has to be 
divided: 0.064/6 = 0.011.This sorption factor can then be assigned to the corresponding part 
of the SR, which holds a transformation ratio of around 60 %.  
This is the general scheme how the adsorption properties were calculated. To emulate 
the different maturity levels/hydrocarbon zones, the SR was divided into 6 subunits (Table 5- 
2), which have different adsorption capacities according to Figure 5- 8. 
 
Table 5- 2: Adsorption model data calculated for the Egret Member SR. 
 
y x
%VRr Expul. Effic. retained [fraction] TRall%
HC generated 
[mgHC/gTOC]
HC expelled (lost) 
[mgHC/gTOC]
retained in SR 
[mgHC/gTOC]
total - generated 
Kerogen
Sorption 
Factor = y/x
Sorp. 
Fact./component
ads. / gen
y x
%VRr Expul. Effic. retained [fraction] TRall%
HC generated 
[mgHC/gTOC]
HC expelled (lost) 
[mgHC/gTOC]
retained in SR 
[mgHC/gTOC]
total - generated 
Kerogen
Sorption 
Factor = y/x
Sorp. 
Fact./component
ads. / gen
immature 0.40 0 1.000 2 8 0.00 8.00 1192 0.007 0.001 1
early oil 0.62 53 0.470 5 25 13.25 11.75 1175 0.010 0.002 0.47
peak oil 0.85 80 0.200 57 291 232.80 58.20 909 0.064 0.011 0.2
late oil 1.15 92 0.080 87 440 404.80 35.20 760 0.046 0.008 0.08
wet gas 1.65 98 0.020 98 477 467.46 9.54 723 0.013 0.002 0.02
dry gas 3.00 99.5 0.005 99.5 485 482.58 2.43 715 0.003 0.001 0.005  
 
 
 From a previous simulation, from which the TR-Maturity relation derives, the 
calculated Egret SR maturity distribution was taken subdivided into six subunits following the 
basic maturity levels from immature to wet gas (Fig. 5- 8). Finally, the calculated adsorption 
properties (Table 5- 3) were assigned to the corresponding parts of the Egret SR. The 
calculations are again based on the Springdale kinetic (Table 5- 2). 
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Figure 5- 8: A: Maturity distribution calculated based on the source rock specific Springdale 
kinetic (Table 5- 2) for the entire Jeanne d’Arc basin. B: Equivalent source rock maturity in terms 
of changing adsorption behavior assigned to different domains corresponding to different maturity 
levels. Compare also Table 5- 3. 
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Using these six subunits for the SR with different adsorption capacities, the 
simulations were run again and a new MBC was done. Instead of a maximum of 1.5 % 
retention the HC volumes retained in the SR now reach 10 %, corresponding to the average 
value for the entire basin. This value is reached for all four different migration methods (Fig. 
5- 2). When the retained hydrocarbons are calculated to be 10 % it could be concluded that 
the entire Egret SR has a transformation ratio of 90 % (Fig. 5- 6), which is not true. Instead 
the average transformation ratio of the SR is 90 % taking into account the large areas of 
overmaturation.  Additionally the gas generated at higher maturity levels drives out the 
heavier components remaining in the SR and therefore imitates through the low adsorption 
values a higher maturity level.  This is because gas has a sorption factor of almost zero. 
The adjusted adsorption behavior – resulting in reasonable retention of hydrocarbons 
in the source rock, resembling measured values – eventually prevents a large volume of 
petroleum from participating in the migration and accumulation history of the basin.  One 
could expect this to influence the composition and fractionation of the resulting 
accumulations, shifting them towards higher GORs and API. However, the models showed 
that this effect is small (± 5 for the GOR in a hybrid model) and lies within the normal range 
of uncertainties.  
 
 
 
5.10. Critical Saturations and Mass Balance Calculatio 
When comparing trapped volumes predicted by the model to the sum of accumulated 
hydrocarbons actually discovered in the Jeanne d’Arc basin, a discrepancy of more than 100 
% results for the flowpath migration method. Predicted volumes of oil are on the order of 
16325 MMbbls, yet only 8097 MMbbls oil in place are reported in the Jeanne d’Arc basin 
(Baur et al., in print).  
As the Jeanne d’Arc basin is a well explored basin, it is unlikely that the excess 
volumes predicted by the model are yet to be found reserves. Instead, the trapped volumes of 
the models have to be investigated in more detail. Taking a closer look at the reservoirs 
predicted by the models (especially flowpath and hybrid models, Fig. 5- 3) conspicuous 
triangular shaped accumulations are present. These are largely due to ad-hoc transitions of 
one lithology (reservoir) to the next (seal), which are represented by discrete cells in the 
model, thus resulting in an artificial looking rectangular shape. In nature a smooth facies 
transition is more likely, which would ultimately not result in the distinct stratigraphic traps 
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predicted by the model. Instead of accumulated petroleum, those modeled accumulations 
should attribute to the overall hydrocarbon losses in the basin. Subtracting these artificially 
trapped volumes from the total accumulated volume the modeled volume decreases by nearly 
50 %, thus representing almost exactly the known oil in place.  
A comparison with the IP results shows an even bigger discrepancy due to higher 
accumulation efficiency (Fig. 5- 2). This probably arises from the micro accumulations 
discussed above. 
In fact, what is called an accumulation in the model is a question of interpretation. 
There is a gradual change from accumulations, via micro-accumulations to the point of 
residual saturations. Factors impacting the gradual transition in a numerical model include the 
critical saturation and relative permeabilities defined for each lithology, the noise and 
heterogeneity defined for an IP run, and the upscaling factor implied to calculate how much 
volume (pore space) of the entire model is actually being used as a migration pathway. In the 
literature, critical and residual oil saturations are generally given as a percentage numbers for 
the used volume only (Luo et al., 2004; 2007 and 2008). Also, core analysis data from the 
Terra Nova oil field reservoir were accessible, indicating that the average residual oil 
saturation is 41 % and that the irreducible water saturation ranges from 6 to 26 %. However, 
in a reservoir, the entire pore space is assumed to be “migration pathway”. Therefore, 
quantification for a basin scale is not possible and still leaves the question open “how much 
volume of a basin is actually used as a migration pathway?”. 
 
 
5.11. Summary 
The MBC for the Jeanne d’Arc basin based on a series of basin wide numerical models 
provides a comparison of different migration techniques to quantify the basic petroleum 
processes influencing a petroleum system. 
It was shown that the flowpath and hybrid technology basically come up with very 
similar results, where the flowpath technology is fast and efficient and the hybrid method 
more precise in terms of GOR prediction. The pure Darcy method did not yield satisfactory 
results because the natural accumulation pattern could not be reproduced and fluid 
composition could not be predicted correctly. Invasion percolation provides a good and fast 
alternative. 
5. Mass Balance Calculation                                                                                                       . 
    
126 
All applied migration methods yield uncertainties with respect to losses during 
migration and retained hydrocarbons in the SR. With the help of an advanced adsorption 
model, based on measured data, it was possible to mimic the natural adsorption behavior of 
SRs and to improve the MBC for all migration methods.  
In summary, the average accumulation efficiency for the three recommended migration 
methods was calculated to be 5 %. Around 85 % of the generated HCs are passing the model 
without leaving any remnants, whereas 10 % of all generated HCs are lost by adsorption, 
during migration and secondary cracking losses and by other processes. 
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6 Conclusions and Outlook 
6.1. Introduction 
The aim of this study is to obtain a detailed review and proof of standard basin modeling 
techniques, as well as to verify how close the simulation results match reality. The study is 
based on the extensively studied and well-explored Jeanne d’Arc basin at the Grand Banks on 
the shelf of Newfoundland, in order to show under what conditions the known results can be 
obtained applying basin and petroleum systems modeling. A workflow through all basic steps 
of basin modeling was performed with emphasis on the reconstruction of heat and fluid flow 
through time. The five objectives of the study are: 
1) Development of a regional large-scale, high-resolution 3D model of the entire Jeanne 
d’Arc basin.  
2) Reconstruction and calibration of the heat-flow history, including a complex, full 3D 
McKenzie-type crustal model. 
3) Investigation and establishment of the geochemical characteristics of the source rock, 
including development of compositional source rock kinetics as well as the 
determination of reservoir fluids, composition and characteristics. 
4) Establishing the generation, migration and accumulation history for the Jeanne d’Arc 
basin in order to reconstruct the known reservoirs and their properties. 
5) Mass-balance calculations of the basin’s petroleum fill by applying and comparing 
four different migration methods, namely Darcy Flow, Flowpath migration, Hybrid 
migration, and Invasion Percolation; including the development of an improved 
petroleum adsorption scheme for the source rock. 
 
 
6.2. Conclusions 
With respect to objective (1), the various sources of model input data made model 
building challenging. These data include: time and depth maps derived from seismic and 
subsequent interpretation, different depth interpretations for the lithostratigraphy derived from 
logs, different measured vitrinite reflectance values from different authors and different 
interpretations on how many rift events have affected the Grand Banks. For each parameter 
the “correct” or most reliable values had to be picked, tested and finally integrated into the 3D 
numerical model.  
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(2) The study showed that the regional thermal regime can be calibrated with a single 
Late Triassic rift event. It was shown that the paleo heat-flow evolution reconstruction gets 
more precise the smaller the ratio of basin limiting surface to basin volume is. This is due to a 
bigger cooling effect the larger this ratio is. The fact that this cooling effect is not considered 
within the McKenzie model makes the heat-flow reconstruction imprecise the narrower the 
basin is and the more faults with large juxtapositions control the basin. For the McKenzie 
model (see chapter 2), this means that the subsidence, which is caused by strong cooling from 
cold basement highs in a narrow basin, would be reconstructed with a strong tectonic 
subsidence using overestimated stretching factors and eventually overestimated heat-flow 
values during rifting. In general, the reconstructed heat-flow maps depict the shape of the 
basin very well and show high values at greater depths and lower values at shallower depths 
of the basin.  
 
For objectives (3) and (4), five individual Egret Member specific source rock kinetics 
were established using an improved compositional PhaseKinetic approach. These 
compositional kinetics use fourteen components instead of the two (oil- and gas-) components 
usually used in bulk kinetics, and thus allow a much more elaborate characterization of the 
resulting reservoir fluid. Additionally, the reaction kinetic has been successfully tuned based 
on measured pvT data derived from the major oil field in the Jeanne d’Arc basin, i.e. the Terra 
Nova oil field, to improve the prediction accuracy of pvT properties. In a further step, the 
filling history of the basin was reconstructed based on a 3D thermally calibrated numerical 
model, including reconstructed initial source rock properties. Finally, not only the reservoir 
characteristics of the Terra Nova oil field but also other accumulations were predicted 
successfully. The calibrated simulation results offer new insights into the filling history of 
known accumulations especially for the Terra Nova field, which, in addition to a local kitchen 
area, was also charged by a kitchen located between the Rankin and Hibernia area. 
Finally, in objective (5) the impact of different migration methods was tested in the 3D 
model with respect to mass balance calculations. Initially, the adsorbed masses in the source 
rock were too small. However, after implementing an improved adsorption model, 
considering the fact of a decreasing adsorption capacity with increasing maturity of the source 
rock, and rerunning the simulations, it turned out that higher and more realistic adsorption 
values do not have a significant influence on the filling history and composition of 
accumulated hydrocarbons.  
.                                                                                                        6.  Conclusions and Outlook 
 
  
129 
6.3. Outlook 
The study showed that the basin modeling technique reproduces known results well, 
yet certain aspects like a 3D thermal calculated McKenzie approach, enhanced adsorption 
behavior, and secondary cracking schemes for hydrocarbons have to be addressed in more 
detail, and thoughtful implementation in the model yields better and more realistic results. 
Additionally, it is necessary to concentrate on a better API prediction. A thorough review of 
API data showed that the API values stay more or less constant during primary cracking as 
interpreted from measured fluid properties in the Jeanne d’Arc basin. The model instead did 
not accurately reproduce this result. Finally, it was observed that the migration is basically 
controlled by source rock expulsion rates, rather than by the physical model of the individual 
migration methods (e.g. Darcy vs. Flowpath or Invasion Percolation).  As this is 
controversially discussed in literature, further investigation could shed a different light on 
generation, migration and accumulation timing.  
In short, all the modeling results depict very well what is observed in nature. It was 
possible to optimize workflows and to implement some enhancements and improvements into 
the methods. Some of those enhancements were easily implemented into the software already 
or will be in the very near future. The study leads to a better understanding of the petroleum 
system in the Jeanne d’Arc basin and gives advice on how to work in other study areas, either 
in frontier or in mature basin. 
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